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PREFACE 
The Nat ional  Aeronaut ics  and Space Adminis t ra t ion,  through i t s  Tropospher ic  
Chemistry Program, has sought and uti l ized the advice of t h e  s c i e n t i f i c  community i n  
the  formula t ion  of its r e s e a r c h  e f f o r t s .  The NASA Working  Group  on  Tropospheric 
Program Planning, led by D r .  John  Se in fe ld ,  e s t ab l i shed  a foundat ion  to  guide  program 
development (NASA W-1062, 1981). One of f o u r  areas recommended €or   expanded   ac t iv i -  
t ies was instrument  development,  which i s  aimed a t  improv ing  ou r  capab i l i t y  to  
measure  the  important trace gases and aerosols which are the key species i n  t h e  m a j o r  
atmospheric  biogeochemical  cycles.  To assist i n  g u i d i n g  o u r  u t i l i z a t i o n  a n d  d e v e l o p -  
ment  of ins t rumenta t ion  and  to  focus  more c l e a r l y  on spec i f i c  needs ,  t he  Ins t rumen t  
Workshop f o r  N,Oy Tropospher ic  Spec ies  was conducted i n  P a l o  A l t o ,  C a l i f o r n i a ,  
August 16-20,  1982. The  workshop p a r t i c i p a n t s  were asked  to  provide  assessments  of 
ex i s t ing  senso r s  and  of new technologies  deemed t o  have  po ten t i a l  fo r  measu r ing  N 0 
s p e c i e s  a t  l e v e l s  c h a r a c t e r i s t i c  of the  nonurban  troposphere. 
X Y  
The a v a i l a b i l i t y  of adequate  ins t rumenta t ion  is a p r e r e q u i s i t e  f o r  t h e  implemen- 
t a t i o n  of a program t o  a d d r e s s  t h e  p e r t i n e n t  s c i e n t i f i c  i s s u e s  of t r a c e  c o n s t i t u e n t s  
w i th in   t he   g loba l   t roposphe re  and t h e   f a c t o r s   t h a t   c o n t r o l   t h e i r   c o n c e n t r a t i o n s .  The 
e f f o r t s  OE t h i s  workshop  provide  meaningful  guidance  for  future  instrument  develop- 
ments. The a s s i s t a n c e  of a l l  who c o n t r i b u t e d  t o  t h i s  workshop i s  s i n c e r e l y   a p p r e c i -  
a t ed .   Spec ia l   t hanks  are ex tended   to  James M. Hoe l l ,  Jr., Workshop  Chairman; 
D i e t e r  H. Ehhal t ,   Coordinator ;   Fred C. Fehsenfe ld ,   Ass is tan t   Coordina tor ;   and   Gera ld  
L. Gregory, NASA Rapporteur. 
Robert J. McNeal, Manager 
Tropospheric Chemistry Program 
Of f i ce  of Space Science and Applicat ions 
iii 
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v i i i  
EXECUTIVE SUMMARY 
The Nat ional  Aeronaut ics  and Space Adminis t ra t ion through i t s  Tropospher ic  
Chemistry Program has sought and uti l ized the advice of t h e  s c i e n t i f i c  community i n  
the  formula t ion  of its r e s e a r c h  e f f o r t s .  The NASA Working  Group  on  Tropospheric 
Program Planning establ ished a foundat ion to  guide program development  (Seinfeld 
e t  a l . ,  1981). One of t h e   f o u r  areas recommended f o r  expanded a c t i v i t i e s  was 
instrument development, which is aimed a t  improving  our  capabi l i ty  to  measure  the  
important trace gases  and aerosols  which are the  key  spec ie s  in  the  ma jo r  a tmosphe r i c  
biogeochemical  cycles.  To focus more c l e a r l y  on s p e c i f i c   n e e d s ,   t h e   I n s t r u m e n t a t i o n  
Workshop f o r  NxOy Tropospher ic  Spec ies  was conducted i n  P a l o  A l t o ,  C a l i f o r n i a ,  
August  16-20,  1982.  The  objectives of t h i s  workshop were 
1. 
2. 
3. 
4 .  
To provide an assessment  of t h e  c a p a b i l i t y  of e x i s t i n g  s e n s o r s  of N 0 
s p e c i e s  a t  l e v e l s  c h a r a c t e r i s t i c  of the  nonurban  troposphere X Y  
To iden t i fy  those  t echn iques  adap tab le  to  real-time measurement  (sampled o r  
cont inuous)  onboard  an  a i rc raf t  p la t form 
To a d d r e s s  t h e  c o n c e r n  f o r  i n t e r c a l i b r a t i o n  and  intercomparison of techniques  
f o r  m e a s u r i n g  s p e c i f i c  species 
To recommend promising  technologies  for  research  and  development  for  measur- 
ing  impor tan t  spec ies  for  which  a capabi l i ty  does  not  now e x i s t  o r  i s  
p r e s e n t l y  of i n a d e q u a t e  s e n s i t i v i t y  
Workshop a t tendees  inc luded  approximate ly  15 i n v i t e d  p a r t i c i p a n t s  from  government, 
u n i v e r s i t i e s ,  a n d  i n d u s t r y .  Each p a r t i c i p a n t  was se l ec t ed   based  on a demonstrated 
expe r t i s e   i n   e i t he r   t he   deve lopmen t   o r   app l i ca t ion  of N 0 moni tor ing   techniques   for  
g l o b a l  t r o p o s p h e r i c  r e s e a r c h .  X Y  
A s  input  in to  the  workshop,  NASA prepared  an  overview of i t s  cur ren t  Global  
Tropospher ic  Program,  h ighl ight ing  ongoing  ac t iv i t ies  as  well as  long-range  plans.  
I n c l u d e d  i n  t h e s e  d i s c u s s i o n s  was a b r i e f  summary  of NxOy spec ie s  chemis t ry  in  the  
t roposphere  and  required  measurement   capabi l i t ies   for   var ious N 0 species .   These 
measurement c a p a b i l i t i e s  ( h o r i z o n t a l  a n d  v e r t i c a l  s p a t i a l  r e so lu t lon  and  r equ i r ed  
c o n c e n t r a t i o n  l e v e l s ) ,  combined wi th   the   exper iences  of t h e  workshop p a r t i c i p a n t s ,  
became t h e   b a s i s   f o r   d i s c u s s i o n  of t he   va r ious   t echn iques .   Th i s  workshop r e p o r t  i s  a 
summary of t hose  d i scuss ions  and  wr i t t en  material prepared by t h e  p a r t i c i p a n t s  t o  
desc r ibe  the  t echn iques  d i scussed .  
X Y  
The s p e c i e s  d i s c u s s e d  i n  t h i s  workshop  document inc lude  NO,  NO2, NO3, NO3 
a e r o s o l ,  HN02, HN03, HNO4, PAN, and N205. Techniques are c l a s s i f i e d   i n t o   s i x   b a s i c  
ca tegor ies ,   depending  on t h e   d e t e c t i o n   p r i n c i p l e .   T h e s e  are chemiluminescence, 
l aser - induced   f luorescence ,   ion iza t ion   spec t roscopy,   absorp t ion   spec t roscopy,   photo-  
thermal   spectroscopy,   and  "grab sample" t ype   co l l ec t ion   t echn iques .  Many techniques  
are d iscussed   in   each   ca tegory .   For   each  N 0 species  measurement  echnique,  an 
assessment is made of t h e  c u r r e n t  measurement c a p a b i l i t i e s  i n  e a c h  of t e n  areas: 
( 1 )   c u r r e n t   s t a t u s  of a v a i l a b i l i t y  ( i .e. ,  des ign   concept   to   opera t iona l ) ,  (2)  s e n s i -  
t i v i t y ,  (3) time reso lu t ion   o r   r e sponse ,  ( 4 )  accuracy ,  (5) p r e c i s i o n ,  ( G )  i n t e r f e r -  
ences ,  ( 7 )  concen t r a t ion  a t  which a technique  has   been  cal ibrated,   (8)   environmental  
cons t r a in t s ,   ( 9 )   ava i l ab le   s ampl ing   p l a t fo rms ,   and   (10 )   any   add i t iona l  comment o r  
i n fo rma t ion  impor t an t  t o  a s ses s ing  the  capab i l i t y  of a given technique.  
- 
X Y  
Techn iques  d i scussed  in  the  document are a t  var ious s tages  of  development ,  
ranging  from  concepts (on pape r   on ly )   t o   ope ra t iona l   i n - the - f i e ld   i n s t rumen t s .   Fo r  
t e c h n i q u e s  e x i s t i n g  as a concept  or  as l abora to ry  in s t rumen t s ,  d i scuss ion  focused  on  
a n t i c i p a t e d  measurement capabi l i t i es  and  fu ture  research  and/or  hardware  deve lopment  
r e q u i r e d   t o   o b t a i n   a n t i c i p a t e d   c a p a b i l i t i e s .   F o r   o p e r a t i o n a l   t e c h n i q u e s ,   d i s c u s s i o n  
focused on c u r r e n t  c a p a b i l i t i e s ,  known ins t rument  in te r fe rences  and  shor tcomings ,  and  
research requi red   to   improve   ins t rument   capabi l i t i es .   Curren t   and   pro jec ted   measure-  
ment c a p a b i l i t i e s  are compared t o  r e q u i r e d  g l o b a l  m e a s u r e m e n t  n e e d s  t o  i d e n t i f y  
s p e c i e s  f o r  which  measurement c a p a b i l i t i e s  are inadequate  (now and   fu tu re ) .  A b r i e f  
d e s c r i p t i o n  of  each technique discussed a t  the  workshop is  i n c l u d e d  i n  t h e  document. 
Conclus ions ,  observa t ions ,  and  the  consensus  of  op in ion  ar i s ing  f rom the  work- 
shop are b r i e f l y  n o t e d  i n  t h e  f o l l o w i n g  summary material. 
1. For NO,  various  measurement  echniques are being  developed  and  should 
provide  adequate  and  demonstrable  tropospheric  measurement  capabili t ies by 1984. 
P rogrammat i c  in t e re s t  and  sc i en t i f i c  need  are s u f f i c i e n t  t o  e n s u r e  t h a t  NO techniques  
w i l l  p rog res s   and   ma tu re   t o   an   ope ra t iona l   s t a tus .  In  add i t ion ,   t echn iques   be ing  
developed employ d i f f e ren t  de t ec t ion  p r inc ip l e s ,  r ang ing  f rom chemi luminescence  to  
laser- induced f luorescence.  
2. F o r   s p e c i e s   l i k e  NOZ,  HN03, PAN, and NO3 aerosol ,   current   measurement  
- 
c a p a b i l i t y  is  not   adequate   for   g loba l   t ropospher ic   needs .  However, s e v e r a l   t e c h -  
niques are under  development,  and  such  techniques may p rove  adequa te  a f t e r  2 o r  3 
more y e a r s  of  development  and  testing.  Although  the  development of ins t ruments  i s  
no t  be ing  d i r ec t ed  ( funded)  by wel l -def ined  programmat ic  needs ,  the  genera l  in te res t  
in t hese  spec ie s  combined wi th  p re s su re  f rom the  sc i en t i f i c  community w i l l  p rovide  an  
emphasis   to   complete   development   and  tes t ing.  It is no ted   t ha t   on ly  a few  techniques 
are be ing   cons ide red   fo r  HN03, PAN, and NO3 ae roso l ,   and  as such ,   perhaps   o ther  
approaches  should be considered. 
- 
3. For   spec ies   such  as NO3 and HN02 ,  measurement  echniques are n o t   a c t i v e l y  
be ing   deve loped   to  meet global   t ropospheric   needs.   Without   addi t ional   programmatic  
s u p p o r t  a n d / o r  s t r o n g  s c i e n t i f i c  p r e s s u r e ,  t e c h n i q u e s  f o r  t h e s e  s p e c i e s  w i l l  l a g  i n  
development.   Again  the  need  for  pursuing  techniques  using  various  detection  princi-  
p l e s  is  noted.   For   these  species   (because  of   lack of i n t e r e s t   o r   n e e d )  l i t t l e  
emphasis  has  been  placed on new s tar ts  o r  f r e s h  i d e a s .  The techniques  being con- 
s i d e r e d  are sound,  a t t rac t ive  approaches  but  are b a s i c a l l y  s p i n - o f f s  o r  t a n g e n t s  of 
techniques  used  to  measure  the  o ther  N,Oy spec ie s ,  such  as N O ,  NO2, and HNO3. 
4 .  For NxOy t echniques   cur ren t ly   be ing   deve loped ,   severa l  areas of  technology 
were ident i f ied  which  would  improve  ex is t ing  capabi l i t i es  of  these  techniques .  
B r i e f l y ,   t h e s e  areas are: ( a )  more e f f i c i e n t   p h o t o n   c o l l e c t i o n   a n d   d e t e c t i o n  
systems;   (b)  more spec i f ic   conver te rs   (e .g . ,   chemi luminescence   sys tems  use   conver te rs  
t o  conve r t  N02, HN03, o r  PAN t o  NO b e f o r e  d e t e c t i o n ) ;  ( c )  h i g h e r  r e p e t i t i o n  rate 
lasers; (d )  more f ie ld-hardened lasers; ( e )  more choice   o f   ava i lab le  laser frequen- 
cies; and ( f )  more r e l i a b l e  a n d  i n d u s t r y  a c c e p t a b l e  c a l i b r a t i o n  s t a n d a r d s  a n d  p r o c e -  
du res  ( i . e . ,  most gas  s t anda rds  are a f a c t o r  of lo3 t o  lo6 h i g h e r  t h a n  c o n c e n t r a t i o n s  
being  measured). The n e e d   f o r   o p p o r t u n i t i e s   t o   f i e l d - i n t e r c o m p a r e   t e c h n i q u e s   b e i n g  
deve loped  fo r  t he  same s p e c i e s  was a l s o  i d e n t i f i e d .  
5. Two fundamenta l   research   or   bas ic   t echnology areas are c u r r e n t l y  l i m i t l n g  
development  of N,Oy ( a s  well as other   species)   measurement   techniques.   Both are 
areas requ i r ing   gene ra l   r e sea rch   i ndependen t  of s p e c i f i c   s p e c i e s .  The f i r s t  is cali-  
bra t ion   s tandards   and   procedures .   Prepara t ion  of s tandards   and   assoc ia ted   p rocedures  
2 
are c u r r e n t l y  l i m i t e d  t o  o n l y  t h e  ppmv level ,  and have been for  the last 5 years .  
The l a c k  of t e c h n o l o g y  t o  p r e p a r e ,  s t a b i l i z e ,  a n d  f u r n i s h  c e r t i f i e d  s t a n d a r d s  a t  ppbv 
( b e t t e r  y e t ,  p p t v )  l e v e l s  is recognized as a major  obs tac le  in  ins t rumenta t ion  devel -  
opment. The l ack  of  any  recognized  standards (at any   reasonable   concent ra t ion)   for  
t h e  more r e a c t i v e  s p e c i e s  l i k e  HN03 and PAN is a n  a d d i t i o n a l  o b s t a c l e .  U n t i l  
r e l i a b l e  s t a n d a r d s  a n d  c a l i b r a t i o n  p r o c e d u r e s  are developed and agreed upon by t h e  
s c i e n t i f t c  community, t h e  f u l l  p o t e n t i a l  and  app l i ca t ion  of many cu r ren t  and  fu tu re  
NxOy measurement  echniques w i l l  no t  be r ea l i zed .   Ex i s t ing   t echn iques   w i th  known 
a r t i f a c t ,  background, o r  i n t e r f e r e n c e  e f f e c t s  c a n  be improved i f  lower  concentrat ion 
s t anda rds  are a v a i l a b l e  and are incorporated  into  measurement  schemes. The second 
b a s i c  r e s e a r c h  area is  laser development.  Improved laser t e c h n o l o g y   r e s u l t i n g   i n  
improved c a p a b i l i t i e s ,  more rugged  environmental   condi t ions,  more op t ions  on  wave- 
length  choice ,  and  more s u i t a b i l i t y  f o r  f i e l d  o p e r a t i o n  would a l l o w  r e s e a r c h e r s  t o  
maximize the i r   ins t rument   per formance   f rom  the   very   f i r s t   des ign   choice ,   tha t  of t h e  
laser. Cur ren t ly ,   t hese   cho ices  are frequent ly   based on what is  avai lable   and  have 
been shown t o  o p e r a t e  well i n  t h e  p a s t .  
I n  terms of  measurement va l ida t ion ,  ano the r  ma jo r  t op ic  d i scussed  a t  t h e  work- 
shop, i t  was determined  that  more emphasis must  be p laced  on c a l i b r a t i o n  and i n t e r -  
c o m p a r i s o n s .   I n   t h e   f i n a l   a n a l y s i s ,   t h e   c r i t e r i o n  by which  the  accuracy of t h e  
measurement of an  atmospheric compound i s  e s t a b l i s h e d  is in te rcompar ison  of measure- 
ments made  by i n s t r u m e n t s   u s i n g   d i f f e r e n t   p r i n c i p l e s  of d e t e c t i o n .  Such  measurements 
should be c a r r i e d  o u t  i n  t h e  f i e l d  and s u b j e c t e d  t o  a wide v a r i e t y  of atmospheric 
c o n c e n t r a t i o n s .   P r e r e q u i s i t e s   f o r   f i e l d   i n t e r c o m p a r i s o n s  are ins t rumen t   ca l ib ra t ions  
us ing   va l ida ted   p rocedures   and   t raceable   s tandards .  A s i g n i f i c a n t   g o a l  of tropo- 
s p h e r i c  r e s e a r c h  e f f o r t s  s h o u l d  be t o  v a l i d a t e  t h e  c r i t i c a l  measurements  of N 0 
compounds. X Y  
INTRODUCTION 
I n  i t s  c o n t i n u i n g  e f f o r t s  t o  d i r e c t  i t s  appl ica t ions   p rograms  toward   re levant  
na t iona l  needs ,  NASA i s  conducting  the  Tropospheric  Chemistry  Program,  the  long-range 
o b j e c t i v e  of which is t o  a p p l y  NASA's  space technology to assess and  predic t  human 
impac t   on   t he   t roposphe re ,   pa r t i cu la r ly  on t h e   r e g i o n a l   t o   g l o b a l   s c a l e .  The 
increasing importance of p o l l u t i o n  on t h e s e  s c a l e s  and the synopt ic  view a f fo rded  
f r o m  s a t e l l i t e s  s u g g e s t  t h a t  space observat ions can play a unique  and c r i t i c a l  r o l e  
toward   s a t i s fy ing   t he   ob jec t ive .  A NASA-sponsored working  group of s c i e n t i s t s  
prepared an overview of t h e  s c i e n t i f i c  p r o b l e m s  t h a t  n e e d  t o  be a d d r e s s e d  i n  o r d e r  t o  
unders tand   the   l a rge-sca le   t roposphere   (Se infe ld  e t  a l . ,  1981). The group  recom- 
mended t h a t  NASA under t ake  expanded  e f fo r t s  t o  deve lop  space  app l i ca t ions  fo r  t ropo-  
s p h e r i c  a i r  q u a l i t y  m o n i t o r i n g  i n  t h e  areas of instrument  development,  modeling, 
l a b o r a t o r y  s t u d i e s ,  a n d  f i e l d  m e a s u r e m e n t  a c t i v i t i e s .  
To he lp  NASA i n  f o r m u l a t i n g  a de ta i led  implementa t ion  p lan ,  ass i s tance  has  been  
s o u g h t  f r o m  w o r k e r s  i n  t h i s  f i e l d  t o  i d e n t i f y  t h e  h i g h - p r i o r i t y  r e s e a r c h  r e q u i r e d  i n  
each of the  four  program  components.   Such  studies  included  specific  regional  scien- 
t i f i c  concerns  (Levine  and  Schryer,  1978), the   resu l t s   f rom  and   the   needs  of tropo- 
spheric  model ing (Nat ional  Aeronaut ics  and Space Adminis t ra t ion,  19811, mult iphase  
p rocesses ,   i nc lud ing   he t e rogeneous   ca t a lys i s   (Schrye r ,  1982), and  passive  remote 
sensing  (Keafer ,  1982). 
T h i s  volume r e p o r t s  t h e  r e s u l t s  of t he  Ins t rumen ta t ion  Workshop f o r  N 0 Tropo- 
sphe r i c  Spec ie s .  The  workshop w a s  sponsored by t h e  NASA O f f i c e  of Space  Science  and 
Applicat ions and conducted under  the direct ion of the Global Tropospheric Experiment 
x. y 
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OBJECTIVES AND ORGANIZATION 
The o b j e c t i v e s  of the  workshop were 
1 .  To provide an assessment  o€ t h e  c a p a b i l i t y  of e x i s t i n g  s e n s o r s  of NxOy 
s p e c i e s  a t  l e v e l s  c h a r a c t e r i s t i c  of the  nonurban  troposphere 
2. To i d e n t i f y  t h o s e  t e c h n i q u e s  a d a p t a b l e  t o  real-time measurement  (sampled  or 
cont inuous)  onboard  an  a i rc raf t  p la t form 
3 .  To a d d r e s s  t h e  c o n c e r n  f o r  i n t e r c a l i b r a t i o n  a n d  i n t e r c o m p a r i s o n  of  techniques 
fo r  measu r ing  spec i f i c  spec ie s  
4 .  To recommend promising technologies  for  research and development  for  measur-  
ing  impor tan t  spec ies  €or  which  a capab i l i t y  does  no t  now e x i s t  o r  i s  
p r e s e n t l y  o f  i n a d e q u a t e  s e n s i t i v i t y  
The organizat ion and planning of the workshop was conducted  under  the  d i rec t ion  
of the  Global   Tropospheric   Experiment  (GTE) p r o j e c t  i n s t r u m e n t  s c i e n t i s t ,  who served  
a s  workshop  chairman. A coord ina to r   and   an   a s s i s t an t  were r e s p o n s i b l e  f o r  a c t u a l l y  
conduct ing   the   workshop,   inc luding   the   d i scuss ion   sess ions   and   the   documenta t ion  
planning  and  ass ignments .  A NASA r appor t eu r  coord ina ted  the  wr i t i ng  a s s ignmen t s  and  
a s s i s t ed   t he   cha i rman   and   coord ina to r s   i n   t he   p repa ra t ion  of t h i s   r e p o r t .  The work- 
shop and this  documentat ion are a c o l l a b o r a t i v e  e f f o r t  of t h e  f o l l o w i n g  p a r t i c i p a n t s :  
James M. Hoel l ,  Jr. ,  Workshop Chairman 
Gerald L. Gregory, NASA Rapporteur 
Dieter H. Ehhal t ,   Coordinator  
Fred C. Fehsenfe ld ,  Ass is tan t  Coordina tor  
Douglas D. Davis 
George A. Dawson 
David W. Fahey 
A l l e n  F r i e d  
William S. Heaps 
Barry J. Huebert 
James R. Laudens  lage r 
William G. Mankin 
Richard Morrison 
Hanwant R. Singh 
Arnold L. Torres  
HEASUREMENT  REQUIREMENTS FOR NxOy TROPOSPHERIC SPECIES 
The n i t rogen   fami ly  i s  but one of the   impor tan t   chemica l   cyc les   tha t  must  be 
c o n s i d e r e d  i f  g l o b a l  t r o p o s p h e r i c  c h e m i s t r y  a n d / o r  c i r c u l a t i o n  are t o  be i n v e s t i -  
gated.   Ni t rogen  oxide (N 0 ) s p e c i e s ,  a subgroup of t he   n i t rogen   f ami ly ,  are hypoth- 
e s i z e d  t o  p l a y  a c r i t i c a l  r o l e  i n  t r o p o s p h e r i c  p h o t o c h e m i s t r y ,  p a r t i c u l a r l y  t h r o u g h  
coupl ing   wi th   the  HxOy cycle   to   modulate  OH l e v e l s .  The p r i n c i p a l  r e a c t i v e  N,Oy 
spec ie s   found   i n   t he   l ower   a tmosphe re   i nc lude  N O ,  NO2, and HN03. These   spec ies  are 
coupled chemically by reac t ions  such  as: 
X Y  
NO + H02 + NO2 + OH 
NO2 + OH + HN03 
After be ing  emi t ted  in to  the  a tmosphere ,  NO can  be  conver ted  in to  N02; NO2 reacts 
wi th  OH t o  f o r m  HN03, which i s  h ighly  so luble  and  can  be removed from the atmosphere 
by both w e t  and  dry  depos i t ion .  Severa l  comprehens ive  d iscuss ions  of  NxOy chemistry 
in  the  t roposphe re  have  been  pub l i shed  p rev ious ly  ( e .g . ,  Cru tzen ,  1979 ;  Na t iona l  
Aeronautics  and  Space  Administration,  1981).  
Ver i f i ca t ion  o f  ex i s t ing  mode l s  of t ropospher ic  photochemis t ry  and  impor tan t  
con t r ibu t ions  to  r e so lv ing  p rob lems  such  as t h e  o r i g i n  of a c i d  r a i n  r e q u i r e  a c c u r a t e  
d a t a  on l e v e l s  of NO, NO2,  and HN03 i n  remote,   nonurban  environments.   Existing 
models  and  measurements  indicate  that  NO l e v e l s  i n  remote  marine a i r  are i n  t h e  1- t o  
10-pptv  range  (e.g.,  McFarland e t  a l . ,  1979). Nitric ac id   vapor   can   a l so   d rop  below 
10  pptv  in  the  remote  marine  boundary  layer  (Huebert   and  Lazrus,   1980).   Because  of 
the importance of heterogeneous  removal of t r o p o s p h e r i c  n i t r o g e n  by w e t  and  dry 
d e p o s i t i o n ,  it i s  a l so  impor t an t  t o  have  accu ra t e  t echn iques  fo r  de t e rmina t ion  of 
p a r t i c u l a t e  a n d  l i q u i d  p h a s e  s p e c i e s  of  nitrogen. The c a p a b i l i t y  t o  m e a s u r e  t o t a l  
t ropospher ic  n i t rogen  has  been  sugges ted  as an addi t ional  useful  measurement .  
E x i s t i n g  d a t a  i n d i c a t e  r e l a t i v e l y  h i g h  v a r i a b i l i t y  i n  NxOy species, wi th  sha rp  
g rad ien t s  f rom l eve l s  of 1 ppmv i n  u rban  a reas  to  1 ppbv i n  nonurban  cont inenta l  
areas t o  10 pptv   in   remote   oceanic   reg ions .   This   h igh   var iab i l i ty  combined wi th   t he  
expec ted  app l i ca t ion  of a i rc raf t  sampl ing  p la t forms  sugges ts  the  need  for  emphas is  on 
minimizing  sampling times. I d e a l l y ,  a fas t - response  system  capable  of be ing   i n t e -  
g r a t e d  i n t o  a f l u x  measurement  program w i l l  be r e q u i r e d  t o  q u a n t i € y  n a t u r a l  s o u r c e s  
a n d . s i n k s  f o r  NxOy spec ies .   Data   in   Table  I summarize  current estimates of i n s t r u -  
ment s ens i t i v i ty  r equ i r emen t s ,  spa t i a l  s ampl ing  r equ i r emen t s ,  and  r e s idence  times f o r  
major N 0 spec ie s   d i scussed  a t  t h i s  workshop. 
X Y  
-~ - 
S p e c i e s  
Residence 
time 
~ ~~~~ 
N O  1 s e c   t o  1 day 
Table I - Requirements  for NxOy Measurements 
- "- 
NO2 1 s e c   t o  1 day 
HN02 1 s e c   t o  1 day 
1 s e c   t o  1 day 
HN03 1 hr t o  1 week 
NO3 
~ - ~~ 
S p a t i a l   r e s o l u t i o n ,  km 
Vertical   Horizontal   r quirement 
Detect ion 
~ ~ 
0 . 5  200 1 P P t V  
0.5 200 2 P P t "  
0 . 5  200 1 x lo3  cm-3 
0 . 5  200 4 x 105  cm-3 
2 500 1 P P t V  
DESCRIPTION AND ASSESSMENT OF NxOy MEASUREMENT TECHNIQUES 
Species and Techniques Considered 
Based  on  the  presenta t ion  to  the  workshop by t h e  GTE p r o j e c t  s c i e n t i s t  on NxO 
measurement requirements and also on fol low-on discussions among members of t h e  NXgy 
workshop, a comprehensive l i s t  of N,O s p e c i e s  of  importance t o  g l o b a l  t r o p o s p h e r i c  
chemistry was generated.  From t h i s  d s t ,  the   g roup   s e l ec t ed   wh ich   spec ie s  were ( i n  
i t s  opinion)  most impor t an t ,   and   l imi t ed   fu r the r   d i scuss ion   t o   t hose   spec ie s .   These  
spec ie s   i nc luded  NO, NO2, NO3, NO3 a e r o s o l ,  HN02,  HNO3,  HN04,  PAN, and N205. Other  
- 
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cr i t ica l  n i t rogen  spec ie s ,  such  as ammonia, were i d e n t i f i e d  b u t  were not  considered 
t o  b e   w i t h i n   t h e   c h a r t e r   o r   g o a l s  of t h e  N 0 instrument  workshop.  For each of the 
species considered, measurement techniques were i d e n t i f i e d  a n d  c l a s s i f i e d  i n t o  o n e  
of f o u r  g r o u p s  a c c o r d i n g  t o  c u r r e n t  s t a t u s :  
X Y  
S t a t u s  1 - t e c h n i q u e  i n  a conceptua l  s tage  
S t a t u s  2 - t e c h n i q u e  i n  some phase of l a b o r a t o r y  t e s t i n g  
S t a t u s  3 - t e c h n i q u e  r e a d y  f o r  f i e l d  e v a l u a t i o n  
S t a t u s  4 - t e c h n i q u e  u s e d  s u c c e s s f u l l y  i n  t h e  f i e l d  
Table  I1 l is ts  the   spec ies   and   respec t ive   t echniques   cons idered .   Each   technique  i s  
d i s c u s s e d   i n  some d e t a i l  i n  t h i s  workshop  document.  Status-1  and -2 techniques are 
d i s c u s s e d  i n  terms of  ant ic ipated instrument  development  as c u r r e n t l y  p r o j e c t e d  by 
the  workshop par t ic ipants .  
T a b l e  11 - Techn iques   Cons ide red*  
D e t e c t i o n   p r i n c i p l e   T e c h n i q u e   S p e c i e s  
Chemiluminescence 
Lase r - induced  
f l u o r e s c e n c e  
I o n i z a t i o n  
s p e c t r o s c o p y  
A b s o r p t i o n  
s p e c t r o s c o p y  
Pho to the rma l  
s p e c t r o s c o p y  
C o l l e c t i o n  
1) Gas p h a s e   t i t r a t i o n  ( 0 3 )  
2 )  C o n v e r t e r / g a s   p h a s e  
t i t r a t i o n  ( 0 3 )  
1) S i n g l e   p h o t o n  
2 )  Two photon 
3) P h o t o f r a g m e n t a t i o n  
4 )   L i d a r  
1) M u l t i p h o t o n   i o n i z a t i o n  
2)  R e s o n a n t   i o n i z a t i o n  
2)  I n f r a r e d   t u n a b l e - d i o d e  
1) F o u r i e r   t r a n s f o r m   i n f r a r e d  
l a s e r  
3) Long p a t h  
2 )  P h a s e   f l u c t u a t i o n  
1)  P h o t o a c o u s t i c  
o p t i c a l  h e t e r o d y n e  
1) F i l t e r  
2) Condensa t ion  
4 )  Gas chromatography 
3)  T u n g s t i c   a c i d  
*Two s p e c i e s   w e r e   d i s c u s s e d  (HN04 and N205) f o r   w h i c h  a measurement 
t e c h n i q u e   d o e s   n o t   e x i s t   f o r  GTE t y p e   a p p l i c a t i o n s .  
Descr ip t ion  of Techniques 
The material p re sen ted  in  these  d i scuss ions  is  a summary of the   in format ion  
s u p p l i e d  by the  various  workshop  participants,   including  preworkshop,  workshop,  and 
postworkshop  wri t ing  ass ignments  as wel l  as group  d i scuss ions  a t  the workshop.  The 
material i s  presented  by t echn ique  r a the r  t han  spec ie s  because  many techniques are 
a p p l i c a b l e  t o  more than  one NxOy spec ies .  
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Chemiluminescence Technique 
Basic Concept.- As shown i n  T a b l e  11, the chemiluminescence technique i s  u s e d  t o  
d e t e c t  NO, NO2, HN03, and PAN. (See, e.g., B o l l i n g e r ,  1982;  Kley  and  McFarland, 
1980 . )  Fo r  each  app l i ca t ion  the  bas i c  de t ec t ion  p r inc ip l e  i s  based  on  the  use  of  the 
chemiluminescent  reaction  between NO and 03. Excess O3 is added t o  t h e  a i r  sample 
c o n t a i n i n g  NO, which is passing through a chamber w i t h  i n f r a r e d  r e f l e c t i v e  walls ( t h e  
r e a c t i o n  v e s s e l ) .  The chemiluminescence is  produced by the   r eac t ion   p roduc t  NO2,  
which is produced i n  a n  e x c i t e d  e l e c t r o n i c  s ta te  (NO + O3 + NO2*) and subsequent ly  
r e l a x e s  by photon  emission.  Detection of t h e  N02* becomes a measure  of  the NO con- 
cen t r a t ion   i n   t he   s ample .  I n  a p p l i c a t i o n s   o t h e r   t h a n  NO d e t e c t i o n ,   t h e  a i r  sample i s  
f i r s t  p r e c o n d i t i o n e d  t o  c o n v e r t  t h e  s p e c i e s  of i n t e r e s t  (NO2, HN03, o r  PAN) t o  NO 
pr io r   t o   r each ing   t he   r eac t ion   ves se l .   S igna l   d i f f e renc ing   be tween   s amples   be fo re  
a n d  a f t e r  p r e c o n d i t i o n i n g  a c c o u n t s  f o r  i n i t i a l  NO c o n c e n t r a t i o n s  i n  t h e  a i r  sample. 
The broad emission spectrum of N02* produced i n  t h e  NO-O3 reac t ion  begins  a t  approxi- 
mately 600 nm, ex tends  beyond 3000 nm, and is cen te red  a t  1200 nm. Competing  with 
photon  emission i s  co l l i s iona l   quench ing  of NO2*. In h igh- sens i t i v i ty   sys t ems ,  
d e t e c t i o n  of emit ted photons i s  by a cooled ,  red-sens i t ive  photomul t ip l ie r  tube  
o p e r a t e d  i n  a pulse-counting mode. A f i l t e r  i s  used t o  b l o c k  r a d i a t i o n  below 600 nm 
t o  p r e v e n t  i n t e r f e r i n g  s i g n a l s  f rom  ozonalysis  of o t h e r  materials. A mass flow con- 
t r o l l e r  is  often  used  to  stabil ize  the  sample  f low  (and  hence  the  magnitude of c o l l i -  
s iona l  quenching  of N02*) dur ing  a l t i t ude  changes  ( a i r c ra f t  app l i ca t ion )  and  the  
r e a c t i o n   v e s s e l  p r e s s u r e  is  r egu la t ed  a t  about   10  torr .  Assuming t h a t  NO and 0 3  are 
wel l  mixed i n  t h e  r e a c t i o n  v e s s e l ,  t h a t  t h e r e  i s  an  excess  of 0 3 ,  and tha t  the  f low 
c o n t r o l  i s  func t ion ing  p rope r ly ,  a s t e a d y - s t a t e  a n a l y s i s  of chemistry  and  t ransport  
for.NO i n  t h e  r e a c t i o n  v e s s e l  c a n  be performed which w i l l  r e s u l t  i n  a photon produc- 
t i o n  rate p r o p o r t i o n a l  t o  t h e  NO concen t r a t ion   i n   t he   a i r   s ample .   Ca re fu l   des ign   o f  
t h e  r e a c t i o n  v e s s e l  t o  a c h i e v e  e f f i c i e n t  m i x i n g  of O3 and NO c lose  to  the  pho tomul t i -  
p l i e r  tube (PMT), h igh  co l l ec t ion  e f f i c i ency ,  and  h igh  sample flow rates a l low state- 
o f - the -a r t  ( compared  to  o f f - the - she l f )  i n s t rumen t s  t o  ach ieve  sens i t i v i t i e s  of 
4500 c o u n t s / s e c   f o r  1 ppbv NO. T h e s e   s e n s i t i v i t i e s   a g r e e  w e l l  w i th   t hose   ca l cu la t ed  
f r o m  t h e o r e t i c a l  c o n s i d e r a t i o n s .  
The d e t e c t i o n  limit of the  chemiluminescence  technique i s  determined by t h e  
background  against  which  the  measurements  are made. This  background is  due i n  pa r t  
t o  the  da rk  cu r ren t  of the  photomul t ip l ie r  tube  ( ~ 2 0 0  coun+s/sec  when c o o l e d  t o  
t230 K) and a l s o  t o  a n  a d d i t i o n a l  100 coun t s / sec  a s soc ia t ed  wi th  ozone  f low in  the  
sys t em.   Th i s   e s t ab l i shes  a d e t e c t i o n  l i m i t  of about 17 c o u n t s / s e c   f o r   t h e  species of 
i n t e r e s t .  In add i t ion   t o   t h i s   background ,   a r t i f ac t   s igna l s   a r e   obse rved   (magn i tude  
and  type are dependent on t h e  NxOy species b e i n g  d e t e c t e d ) .  T h e s e  a r t i f a c t s  are not 
a t t r i b u t e d  t o  i n t e r E e r a n t s  i n  t h e  a m b i e n t  a i r  stream, b u t  r a t h e r  t o  i n s t r u m e n t  con- 
f igura t ion ,   c leanl iness ,   and/or   contaminants .   For   example ,   in   the  NO measuring mode 
t h i s  s i g n a l  c a n  amount t o  40 t o  50 counts /sec and is of ten  assoc ia ted  wi th  contamina-  
t i o n  due to  exposure of the  sys tem to  h igh  concent ra t ions  of condensible  organic  
vapor s .   In   o rde r   t o   co r rec t   fo r   background   (o the r   t han   da rk   cu r ren t )   and   a r t i f ac t s ,  
ze ro  mode and c a l i b r a t i o n s  are inco rpora t ed  in to  the  in s t rumen t  measurement cyc le .  
Aside  from  the  background  and a r t i f ac t  s i g n a l s ,  t h e  p o s s i b i l i t y  e x i s t s  t h a t  
chemica l   spec ies   in   the   a tmosphere   o ther   than   the  NxO species of i n t e r e s t  may cause 
a chemiluminescent  response i n  t h e  i n s t r u m e n t  o r  modiYy t h e  s e n s i t i v i t y  of t h e  
ins t rument .  
NO Species Detection.- For ambient NO measu remen t s ,  t he  theo re t i ca l  de t ec t ion  
limit of the  t echn ique  is approximately 4 p p t v  f o r  a 1-sec sample time and i s  
obtained from a background detect ion limit of  17 c o u n t s / s e c  ( s i g n a l / n o i s e  = 1) and a 
d e t e c t o r  s e n s i t i v i t y  of 4500 c o u n t s / s e c   f o r  1 ppbv NO concentrat ion.   State-of- the-  
ar t  systems designed to  measure and account  €or  background and ar t i fact  s ignals  have 
d e t e c t i o n  limits of less than  10 pptv. ArtiEacts a s s o c i a t e d  w i t h  t h e  NO measurement 
are most ly  system cleanl iness  parameters ,  which are r e l a t e d  t o  s y s t e m  e x p o s u r e  t o  
high concentrat ions of  condensible  organic  vapors  and/or  high concentrat ions of NO. 
A r t i f a c t  signals of 10 t o  30 pptv  are common and are  accounted €or  in  the measurement  
cyc le  through zero  a i r  tests and  con t ro l l ed  by system cleaning.  
I n t e r f e r e n c e  p o s s i b i l i t i e s  f r o m  o t h e r  compounds i n  t h e  a i r  i n c l u d e  n i t r a t e -  
con ta in ing  spec ie s  such  as N205 o r  (=H3C(=O)02N02 (PAN) and  unsa tura ted  hydrocarbons ,  
which  can  produce a chemiluminescing  product  with 03. Laboratory tests ( B o l l i n g e r ,  
1982) ind ica t e   t ha t   obv ious   cand ida te  compounds do no t   have   su f f i c i en t   r e sponse   i n  
t h e   d e t e c t o r   t o   c a u s e  a real-world  problem. However, such tests are not a l l  i n c l u -  
s i v e ,  a n d  s i g n i f i c a n t  i n t e r f e r e n c e  a s s o c i a t e d  w i t h  a n  u n i d e n t i f i e d  a t m o s p h e r i c  com- 
pound is  always a p o s s i b i l i t y .  T h e r e  are a l s o  compounds which  can  change  instrument 
s e n s i t i v i t i e s  o r  backgrounds  wi thout  producing  red  photoemiss ion  in  the  reac t ion  
vesse l .  Water vapor is  such a compound with a twofold eEEect. A t  t y p i c a l  water 
vapor  mixing  ra t ios ,  H 2 0  c a n  r e d u c e  t h e  d e t e c t i o n  s e n s i t i v i t y  by c o n t r i b u t i n g  t o  t h e  
co l l i s iona l  quench ing  of N02* i n  t he  r eac t ion  vesse l  and  can  a l te r  t h e  d e t e c t i o n  
limit by p a s s i v a t i n g  t h e  walls of t he  r eac t ion  vesse l ,  wh ich  r educes  the  r ed  emis- 
s ions  f rom the  walls and  decreases  the  background. 
F igure  1 i l l u s t r a t e s  a t y p i c a l  measurement  cycle  €or a s ta te -of - the-ar t  NO 
d e t e c t o r .  A three-mode c y c l e  is genera l ly   used .  I n  the  background mode, the  count- 
i n g  ra te  CB i s  measured i n  t h e  a b s e n c e  of NO. I n  t h e  NO measurement mode t h e  
10000 I. 
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Figure 1 . -  Measurement  cycle  €or  chemiluminescent NO d e t e c t o r .  
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d e t e c t o r  s i g n a l  c o n s i s t s  of a combination of s i g n a l s  a s s o c i a t e d  w i t h  t h e  s a m p l e d  NO 
(CNo) and  the  background (C,). In t h e  NO c a l i b r a t i o n  mode t h e  s i g n a l  is  a combina- 
t i o n  o f  t he  s igna l s  a s soc ia t ed  wi th  the  ca l ib ra t ion  gas  CNO(Ca l )  and  the  s igna l  
r e c o r d e d  i n  t h e  NO measurement mode. The ambient NO c o n c e n t r a t i o n  is obta ined  by 
mathematical ly  manipulat ing these measured quant i t ies  such that  
where xNo = NO c o n c e n t r a t i o n  i n  a m b i e n t  a i r  
xNO(Cal) = NO c o n c e n t r a t i o n  of c a l i b r a t i o n  s t a n d a r d  
Qs = sample  flow rate 
QNO(Ca1) = c a l i b r a t i o n  s t a n d a r d  f l o w  rate 
Typ ica l ly ,   w i th  XNo(Ca1) a t  about 2  ppmv, %,(Gal) a t  1 t o  10 cm3/sec, and  the  condi- 
t i o n  t h a t  CNo and  CNO(Cal) >> C B ,  xNo can be de te rmined  wi th  an  uncer ta in ty  less than  
15 percent  a t  5 pptv. 
NO2 Species  Detec t ion . -  For  the  NO2 measurement, the sample a i r  stream must 
f i r s t b e  p r e c o n d i t i o n e d  t o  c o n v e r t  NO? i n  t h e  sample a i r  t o  NO,  which is  then  
de tec ted   wi th   the   bas ic   de tec tor .   Thgrmal ,   chemica l ,   and   photo ly t ic   conver te rs   have  
been   u sed   fo r   t h i s   p recond i t ion ing .   The rma l   conve r t e r s   (me ta l l i c  molybdenum beds 
h e a t e d  t o  200°C)  have a conve r s ion  e f f i c i ency  of n e a r l y  100 percent;   however,   they 
h a v e   t h e   p o t e n t i a l   t o   c o n v e r t   n i t r o g e n  species (o the r   t han  NO2) t o  NO. Chemical 
conver te rs  (FeS04 beds)  a l so  exhib i t  near ly  100 percen t  conve r s ion  e f f i c i ency  bu t  a r e  
s u b j e c t  t o  c o n v e r s i o n  of o t h e r  n i t r o g e n  species as wel l  as t o  a decrease  in  conver -  
s ion   e f f i c i ency   due   t o   accumula t ion  of moisture   within  the  bed.  The p h o t o l y t i c  con- 
v e r t e r  (UV r a d i a t i o n  s o u r c e  t h a t  p h o t o d i s s o c i a t e s  NO2 t o  N O ) ,  a l though not  be l ieved  
t o  s i g n i f i c a n t l y  c o n v e r t  o t h e r  n i t r o g e n  s p e c i e s ,  is  only  about 50 p e r c e n t  e f f i c i e n t .  
Conver te r  se lec t ion  and  subsequent  eva lua t ion  are cu r ren t ly  ma jo r  cons ide ra t ions  of 
NO2 instrument   design  and  operat ion.  
Detec t ion  limits f o r  NO2 are on the  o rde r  of t h o s e  f o r  NO (depending on t h e  
c o n v e r s i o n   e f f i c i e n c y ) .   A r t i f a c t   s i g n a l s  are s i m i l a r  t o  t h o s e  f o r  NO,  a n d   a d d i t i o n a l  
a r t i f a c t s  may be genera ted  by t h e  N02-to-NO conver t e r .   I n t e r f e rences  are a l s o  
similar t o  t h o s e  f o r  NO and now inc lude  those  compounds e r roneous ly  conver ted  to  NO 
i n   t h e   c o n v e r t e r .  The NO2 measurement  cycle i s  i d e n t i c a l  t o  t h a t  of f i g u r e  1 but  
uses   an NO2 ca l ib ra t ion   gas .   Accuracy   fo r  NO2 is  about 15 percent;  however,  reason- 
ab ly  h igh  NO concen t r a t ions  occur r ing  du r ing  . t he  day  r educe  the  accu racy  of t h e  
daytime  measurements. 
HNO3 Species Detection.- Measurement of HN03 by chemiluminescence relies on  the  
conversion of HN03 t o  NO. A s y s t e m  u t i l i z i n g  t h e  b a s i c  NO d e t e c t o r  h a s  b e e n  f i e l d  
t e s t e d   ( K e l l y  e t  a l . ,  1979,  1980). A two-stage  converter is used f i r s t   t o   c o n v e r t  
HN03 t o  NO2 ( t he rma l  conve r t e r ,  qua r t z  t ube  hea ted  to  375°C)  and  then  to  conve r t  NO2 
t o  NO (chemical   converter ,   FeS04) .  Use of an HNO3 t r a p   ( c o t t o n   o r   n y l o n   f i b e r ,  
loose ly   packed)   permi ts   the  employment  of a differencing  measurement  scheme. Cali- 
b r a t i o n  of the technique, performed using a s t a n d a r d  d i f f u s i o n  ce l l  c o n t a i n i n g  n i t r i c  
a c i d ,  i n d i c a t e s  a d e t e c t i o n  l i m i t  of about 0.2 ppbv. 
This  method f o r  d e t e c t i o n  of €€NO3 has  the  same inhe ren t  d i sadvan tages  a s soc ia t ed  
wi th   the   bas ic   chemi luminescence   t echnique ,   inc luding   background,   a r t i fac ts ,   and  
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p o t e n t i a l  c o n t r i b u t i o n s  f r o m  unknown i n t e r f e r e n c e s .  I n t e r f e r e n c e  s t u d i e s  show PAN t o  
be a p o s i t i v e  i n t e r f e r e n c e  (i.e., a source  of NO2 v i a  t he rma l  conve r t e r )  and  ne i the r  
organic  amines nor  ammonia t o  be a problem. 
Peroxyace ty l  Nitrate (PAN) Species  Detection.-  The chemiluminescence  technique 
has been used t o  measure PAN d u r i n g  t e s t i n g  of PAN c a l i b r a t i o n  s t a n d a r d s  a t  concen- 
t r a t i o n s  of 10 t o  100 ppbv. I n  p r i n c i p l e ,  t h e  t e c h n i q u e  c a n  b e  a p p l i e d  t o  PAN 
ambient  measurements,  but  currently it is l imi t ed .  The c o n v e r t e r   u s e d   i n   t h e  PAN 
c a l i b r a t i o n  s t a n d a r d s  test, a l though 100 p e r c e n t  e f f i c i e n t  i n  c o n v e r t i n g  PAN t o  NO, 
is n o t  s p e c i f i c  t o  PAN. U n t i l  a conve r t e r  i s  found  which i s  PAN s p e c i f i c  a t  ambient 
c o n c e n t r a t i o n s ,  l i t t l e  progress   in   the   deve lopment  of the   t echn ique  w i l l  occur .   In  
addi t ion ,  because  PAN is a h i g h l y  r e a c t i v e  s p e c i e s ,  a c c e p t a b l e  c a l i b r a t i o n  s t a n d a r d s  
and  procedures do n o t  c u r r e n t l y  e x i s t .  A s  such, i t  is n o t  y e t  p o s s i b l e  , t o  c o n s i d e r  a 
multimeasurement  cycle, as is c u r r e n t l y  u s e d  i n  t h e  NO and NO2 measurement  applica- 
t i o n .  It is p r o j e c t e d   t h a t   s u c h  a measurement cyc le  is n e c e s s a r y  t o  s a t i s f y  d e t e c -  
t i o n  limit, precision,  and  accuracy  requirements  for  ambient  measurements.  A conven- 
t i o n a l  d i f f e r e n c i n g  method invo lv ing  measurement of NO, NO + NO2, and NO + NO2 + PAN 
is  not  acceptab le .  
Assuming t h e  a v a i l a b i l i t y  of s u f f i c i e n t  PAN c o n v e r t e r s  a n d  c a l i b r a t i o n  s t a n -  
da rds ,  de t ec t ion  limits and  accuracies  similar t o  t h o s e  s t a t e d  f o r  NO ( i . e . ,  5 pp tv  
and 15 pe rcen t )  may be achievable .  However, cons ide r ing   t he   chemica l   na tu re  of PAN 
and  the  technology of the  design  and  use of n i t rogen  species c o n v e r t e r s ,  a real-world 
p r o j e c t i o n  of d e t e c t i o n  limit may be on t h e  o r d e r  of 10 t o  20 pptv.  
Laser-Induced Fluorescence Technique 
The basic   laser- induced  f luorescence  (LIF)   approach  typical ly   employs  one  or  
more pulsed lasers t o  s e l e c t i v e l y  p r o d u c e  a n  e x c i t e d  s ta te  of t h e  s p e c i e s  o f  
i n t e r e s t .  I f  t h e  l i f e t i m e  of t h e   e x c i t e d  s ta te  is s h o r t  compared t o  c o l l i s i o n a l  
d e a c t i v a t i o n  p r o c e s s e s ,  t h e  e x c i t e d  species w i l l  decay t o  a more s t a b l e  s ta te  i n  a 
f luo rescen t   p rocess .   Th i s   f l uo rescence   gene ra l ly   occu r s  a t  W o r   v i s i b l e   w a v e l e n g t h s  
and consequently can be detected on a s ingle-photon  bas is  us ing  h igh-ef f ic iency  
photomult ipl ier   tubes   and  photon-count ing  techniques.  To fu r the r   enhance   t he   s igna l -  
t o - n o i s e  r a t i o  of the   de tec t ion   process ,   ga ted   photon-count ing   techniques   synchro-  
n i z e d  t o  t h e  p u l s e d  laser are g e n e r a l l y  employed.  The  photons  emitted i n  t h i s  
process  can be r e l a t e d  t o  t h e  c o n c e n t r a t i o n  of t h e  s p e c i e s  i n  t h e  a i r  sample. 
The L I F  technique  i s  a p p l i c a b l e  t o  t h e  measurement  of NO, N02, N O 3 ,  and HN02. 
Three   spec i f i c  L I F  e x c i t a t i o n  schemes are considered  here:   single-photon L I F  
(SP-LIF)  and  two-photon L I F  (TP-LIF),  both  for NO de tec t ion ,  and  photof ragmenta t ion  
LIF  (PF-LIF) f o r  N02, NO3, and HN02.  Of the   t h ree   t echn iques ,   on ly  SP-LIF has  been 
u s e d  i n  t h e  f i e l d .  TP-LIF and PF-LIF (NO2 d e t e c t i o n )  are c u r r e n t l y   b e i n g   e v a l u a t e d  
i n  t h e  l a b o r a t o r y ,  w i t h  p l a n s  f o r  NASA-sponsored f i e l d  tests of t he  TP-LIF technique. 
Single-Photon  Laser-Induced  Fluorescence  (SP-LIF).- The g e n e r a l  SP-LIF concept 
f o r  d e t e c t i o n  of an atmospheric  species  a t  ambient  pressures  is r e p r e s e n t e d  i n  
f i g u r e  2. The fluorescence-sampling window i s  p o s i t i o n e d  on the  long-wavelength  s ide 
of t he  laser exc i t a t ion  wave leng th  s ince  the  SP-LIF technique  i s  c h a r a c t e r i z e d  by a 
r e d - s h i f t e d   f l u o r e s c e n c e   s i g n a l  component.  The  sampling window i s  c r i t i ca l  t o  t h e  
success  of t he  SP-LIF technique (when ope ra t ing  a t  a m b i e n t  p r e s s u r e s )  i n  t h a t  i t  must 
be  chosen  to  d i sc r imina te  aga ins t  t he  in t ense  Ray le igh  scatter from the laser pump 
l i n e  a n d  a l s o  t o  d i s c r i m i n a t e  a g a i n s t  t h e  much weaker,  but s t i l l  s i g n i f i c a n t ,  Raman 
sca t t e r   s igna l   f rom  the   ma jo r   a tmosphe r i c   gases   such  as N2, 02,  and H20. Moreover, 
the sample window  must be  chosen t o  permit  measurements i n  t h e  p r e s e n c e  of a 
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Figure  2. - Single-photon LIF measurement concept. 
broadband  white  f luorescence.  The optimum wavelength  posit ion  of  the  narrow-bandpass 
s a m p l i n g  f i l t e r  i s  determined from a c o n s i d e r a t i o n  of t h e  s p e c t r a l  d i s t r i b u t i o n  of 
the  whi te  f luorescence  noise ,  f rom the  Franck-Condon f a c t o r s  f o r  b o t h  laser pumping 
and  the  va r ious  poss ib l e  f luo rescence  t r ans i t i ons  f rom the  exc i t ed  s ta te ,  and  from 
t h e .   c o n t r i b u t i o n s  of  Rayleigh  and Raman s c a t t e r i n g .  I n  a l l  cases, t h e  limit of 
d e t e c t i o n  of t h e  i n  s i t u  SP-LIF system w i l l  be def ined  by the  whi te  f luorescence  
n o i s e   w h i c h   e x i s t s   i n   t h e   s p e c t r a l   r a n g e  of the  narrow-band f i l t e r .  The source  of  
th i s  whi te  f luorescence  background noise  i s  b e l i e v e d  t o  be a combination of chamber 
wall f luorescence and f luorescence resul t ing from atmospheric  aerosols .  
The s p e c i f i c  e x c i t a t i o n  a n d  d e t e c t i o n  w a v e l e n g t h s  u s e d  f o r  NO are shown i n  
f i g u r e  3. The A2C+ (e.g., y(0,O)) t r a n s i t i o n  of NO is e x c i t e d  a t  226 nm. The (0,2) 
Figure 3.- NO energy diagram for single-photon LIF. 
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t r a n s i t i o n  (247.5 nm) of the y band system has been selected for  sampling even though 
o t h e r  p o s s i b i l i t i e s  exist  i n  t h e  NO energy  diagram  of  f igure 3. I n  t h i s  case, de tec-  
t i o n  of the ( 0 , 2 )  t r a n s i t i o n  r e s u l t s  i n  a reduced  white  f luorescence  background 
s igna l   and   a l so   g rea t ly   min imizes   t he   i n t e r f e rence   f rom  ambien t  SOz. The  SP-LIF 
t e c h n i q u e  f o r  d e t e c t i o n  of NO i s  d i s c u s s e d  i n  d e t a i l  i n  Rradshaw et  a l .  ( 1 9 8 2 ) .  
Two-Photon (Sequential)  Laser-Induced Fluorescence.  (TP-LIF)".- Recall t h a t  SP-LIF 
d e t e c t i o n  is  r ed   sh i f t ed   w i th   r e spec t   t o   t he   exc i t a t ion   wave leng th .   Accord ing ly ,   t he  
d e t e c t i o n  limit of t h e  SP-LIF i n  s i t u  s y s t e m  is  t y p i c a l l y  d e f i n e d  by the  wh i t e  f luo -  
r e s c e n c e   n o i s e   i l l u s t r a t e d   i n   f i g u r e  2.  The TP-LIF measurement  scheme is  c h a r a c t e r -  
i z e d  by a b l u e - s h i f t e d  r e s p o n s e  w i t h  r e s p e c t  t o  t h e  e x c i t a t i o n  w a v e l e n g t h .  T h i s  
g ives  the  TP-LIF scheme a major  advantage  over SP-LIF i n  t h a t  t h e  f i n a l  f l u o r e s c e n c e  
occurs  i n  a spectral  r e g i o n  f r e e  Erom normal  noise  components.  Figure 4 i l l u s t r a t e s  
t h i s  € o r  t h e  g e n e r a l  case i n  which two pump lasers, A and R (one  in  the 'UV  and  the 
second i n  t h e  v i s i b l e  o r  I R )  are used  to  exc i t e  t he  molecu le  o€ i n t e r e s t  t o  a s ta te  
tha t   subsequen t ly   decays   t o   p roduce   f l uo rescence   i n   t he  UV. The whi te   f luorescence  
gene ra t ed  by both  the  A and B laser pumping l i n e s  is r e d  s h i f t e d  r e l a t i v e  t o  t h e  
f luo rescence  measurement  wavelength. Cri t ical  system  components  €or  successful 
a p p l i c a t i o n  of t h e  TP-LIF technique  are a long-wavelength-blocking f i l t e r  and a 
r ap id -cu t -o f f   so l a r -b l ind   pho tomul t ip l i e r   t ube   (de t ec to r ) .  Above a l l ,  however,  the 
TP-LIF scheme can  only  be  employed on molecules  possessing two  bound e x c i t e d  states. 
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Figure  4 . -  Two-photon  LIF measurement  concept. 
F igu re  5 i l l u s t r a t e s  t h e  TP-LIF e x c i t a t i o n  a n d  d e t e c t i o n  scheme f o r  NO. A s  i n  
t h e  SP-LIF scheme j u s t  d i s c u s s e d ,  laser pump A a t  226 nm is u s e d  t o  e x c i t e  NO from 
t h e  X211 s ta te  to   the   low- ly ing  A2C+ s t a t e .  I n  t h e  TP-LIF scheme, t h i s  f i r s t  e x c i t a -  
t i o n  s t e p  i s  followed by a second  exc i t a t ion  by laser pump B a t  1064 nm t o  t h e  
1 2  
D2C+ state.  I n   t h i s   c a s e ,   f l u o r e s c e n c e   o c c u r s  ia the  wavelength  range of  187 t o  
220 nm. Thus,   the   white   f luorescence  background  noise   (generated by t h e  226- and 
1064-nm pump lasers) can be extensively reduced with the use of a long-wavelength- 
b l o c k i n g  f i l t e r  a n d  a near-vacuum W so la r -b l ind  PMT. Cur ren t  l abora to ry  da t a  
sugges t  a l o 4  reduct ion  in   white   f luorescence  background  noise   can be  achieved. A s  
such,  the system is s igna l  l imi ted ,  background f luorescence  w i l l  t y p i c a l l y  be less 
than s ignal  f luorescence,  and measurement  uncertainty w i l l  be def ined  by the photon 
statist ics a s s o c i a t e d   w i t h   t h e  NO s i g n a l .   W i t h   t h e s e   c h a r a c t e r i s t i c s ,   t h e  TP-LIF 
method w i l l  be a p p l i c a b l e  t o  NO measurements  under  h igh  aerosol  condi t ions  ( in  
c louds ,  for  example)  and  in  f lux  measurements  us ing  meteoro logica l  cor re la t ion  tech-  
niques.   Bradshaw  and  Davis  (1982)  provide  additional  details   for  the TP-LIF 
technique. 
nrn 
Figure  5.- NO energy diagram for two-photon LIF.  
Photofragmentation Laser-Induced ~ Fluorescence (PF-LIF).- The photofragmentation 
LIF  technique i s  p o t e n t i a l l y  one of the  most powerful L I F  t e c h n i q u e s  a v a i l a b l e  f o r  
atmospheric  chemical  measurements. The vas t  ma jo r i ty  of a tmospheric   molecules  do no t  
have bound e x c i t e d  s ta tes  and thus do not  lend themselves  to  detect ion by e i t h e r  TP- 
L I F  o r  SP-LIF techniques .   In   the  PF-LIF method, a g iven   po lya tomic   spec ies  i s  photo- 
d i s s o c i a t e d  w i t h  one laser photon,  and  one  of  the  photofragments i s  t h e n  s e l e c t i v e l y  
e x c i t e d  by a second laser photon  in to  a bonding exci ted s ta te .  The i d e a l  mode i n  
which t h i s  o p e r a t i o n  i s  c a r r i e d   o u t  is i l l u s t r a t e d  i n  f i g u r e  6 .  Here the  polyatomic 
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Figure  6 . -  Photof ragmentation LIF measurement concept. 
species AB2 is  f i r s t  p h o t o d i s s o c i a t e d  by laser wavelength X 1  t o  form a v i b r a t i o n a l l y  
exci ted  photofragment  A B t .  The v ib ra t iona l ly   exc i t ed   pho to f ragmen t  i s  then   exc i t ed  
by a laser wavelength X i n to   t he   l owes t   v ib ra t iona l   man i fo ld  of i t s  lowes t   ly ing  
e x c i t e d  e l e c t r o n i c  s ta te ,  AB*. Fluorescence  from AB* can  then  occur a t  s e v e r a l  wave- 
l e n g t h s ,  some of which are b lue  sh i f t ed  r e l a t ive  to  the  pho to f ragmen ta t ion  and  f luo -  
rescence   exc i t ing   wavelengths   ( i . e . ,  X3 < X 1  and X2). I n  t h e  case of t h e  NO2 
molecule ,   a l though i t  does  have a bound e x c i t e d  s ta te ,  i t s  r a d i a t i v e  l i f e t i m e  i s  
s u f f i c i e n t l y  l o n g  t o  r e d u c e  t h e  f l u o r e s c e n c e  e f f i c i e n c y  t o  a very low value under  
a tmospher ic   condi t ions .   F igure  7 i l l u s t r a t e s  a s p e c i f i c  PF-LIF e x c i t a t i o n  scheme f o r  
N02. It has   been   es tab l i shed   tha t   the   p refer red   photof ragmenta t ion   wavelength  is 
308 nm. A t  th i s   wavelength   the   exc i ted   photof ragment   f rom NO2 i s  NO. It is formed 
i n  e x c i t e d  v i b r a t i o n a l  l e v e l s  1, 2,  and   3 ,   and   thus   severa l   poss ib le   exc i ta t ion  
schemes f o r   e v e n t u a l   d e t e c t i o n  exist. Labora tory   s tud ies   have  shown t h a t   t h e  
preferred sampling scheme involves  pumping t h e  v" = 3 l e v e l  of t h e  v i b r a t i o n a l l y  
exci ted  ground s ta te  NO i n t o  t h e  v '  = 0 l e v e l  of t h e  A21? s ta te .  Thus,   f luorescence 
can  be  sampled a t  wavelengths as low as 226 nm, as shown i n   E i g u r e  7. R e j e c t i o n  of 
white background fluorescence can again be a c h i e v e d  ( a s  f o r  TP-LIF) with the use of  
long-wavelength-blocking f i l t e r s   i n   c o n j u n c t i o n   w i t h   s o l a r - b l i n d  PMT's. Curren t  
s tud ie s  have  shown t h a t  o p e r a t i n g  b o t h  l a s e r  s y s t e m s  f o r  X 1  = 308 nm and X2 = 259 nm 
a t  10 Hz r e s u l t s  i n  a d e t e c t e d  n o i s e  l e v e l  of less than  two photons  for  a 1-hour 
i n t e g r a t i o n  time ( i .e . ,   36,000 laser shots ) .   This  is approximately  105 times lower 
i n  background fluorescence than is expected from a SP-LIF sys tem opera t ing  a t  226 nm. 
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Figure  7.- Photofragmentation LIF NO2 measurement scheme. 
Other  NxO species   that   have  been  examined  in  terms of d e t e c t i o n  by t h e  PF-LIF 
technique  are 50, and HN02. The detect ion  schemes are s i m i l a r  t o  t h o s e  p r e v i o u s l y  
discussed.  The appropriate   photofragmentat ion  and  exci ta t ion  wavelengths  are g iven  
i n  ' f i g u r e  8. F u r t h e r  d i s c u s s i o n  of t h e  PF-LIF t e c h n i q u e  f o r  d e t e c t i o n  of NO2,  NO3, 
and HN02 can  be  found i n  Rodgers et al. (1980). 
PF-LIF DETECTION OF NO3 
N O 3  + hUl NOM%, v"  = 2) + 0 2 ( ' A )  
h l  = 589nm 
A 2  = 248 nm 
N 0 (v" = 2) + hV2 NO*(v '  = 0) 
A 3  = 226 n m  
N O * ( v '  = 0) NO(v" = 0) + hu3 
~~ ~ 
P F-L\ F DETECT1 ON OF HN02 
A = 355 nm 
H N 0 2  + hul NOM%,  vi' = 3) + O2 
h2 = 259 n m  
NO (v" = 3) + hv2 NO'b' = 0) 
A = 226 n m  
N O'b' = 0) - N O W '  = 0) + hv3 
Figure  8.- Photofragmentation LIF NO3 and HNO2 measurement schemes. 
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Lidar Laser-Induced Fluorescence (Lidar-LIF).-  The l idar-LIF concept employs 
t h e  SP-LIF e x c i t a t i o n  scheme i n  a remote-sens ing  conf igura t ion  €or  de tec t ion  of  
va r ious   spec ie s .  The advantages  of   l idar- induced  f luorescence  systems are t h a t   t h e y  
p e r m i t  t h e  e f f i c i e n t  u s e  o f  t h e  a v a i l a b l e  laser power v i a  e x c i t a t i o n  of a l a r g e r  
volume than  can  be  r ea l i zed  by a n  i n  s i t u  LIF system, and the measurement volume is 
free  f rom  contaminat ion by the   ins t rument   p la t form.  The p r i n c i p a l   d i s a d v a n t a g e  of 
l i d a r  i s  i t s  s u s c e p t i b i l i t y  t o  i n t e r E e r e n c e  Erom s c a t t e r e d  s o l a r  f l u x .  L i d a r  s y s t e m  
components  include a laser s o u r c e ,  t r a n s m i t t i n g  o p t i c s ,  a r e c e i v e r  t e l e s c o p e ,  a 
spec t r a l  s e l ec t ion  and  de tec t ion  sys t em,  and  s igna l -p rocess ing  e l ec t ron ic s .  
G e n e r a l l y ,  t h e  s p e c t r a l  s e l e c t i o n  a n d  d e t e c t i o n  s y s t e m  is s p e c i f i c  t o  t h e  s p e c i e s  
being detected,  and the other  components  can be used i n  t h e  d e t e c t i o n  of o t h e r  
s p e c i e s ,  The l idar-LIF as used   fo r  NO d e t e c t i o n  is  b r i e f l y  summarized i n  t h e  
f o l l o w i n g  t e x t .  
F i g u r e  9 i l l u s t r a t e s  t h e  s p e c i f i c  l i d a r - L I F  pumping  and d e t e c t i o n  scheme used 
f o r  NO. A s  was t h e  c a s e  € o r  t h e  i n  s i t u  LIF-SP NO technique,  NO is  e x c i t e d  u s i n g  
226 nm r a d i a t i o n  a t  t h e  (0 ,O)  band  of t he  y(A21? -f X2n) system. Once e x c i t e d  t o  t h e  
A21? s ta te ,  NO f luorescence  OCCUKS t o  many v i b r a t i o n a l  l e v e l s  of t he  X211 s t a t e  ( s e e  
f i g u r e  9).  N2 Raman s c a t t e r i n g  a t  238 nm and 247 nm makes use  of  the 237-nm l i n e  
imposs ib le   and   the  248-nm l i n e  d i f f i c u l t .  However, t h e  l i n e  a t  260 nm i s  s u f f i -  
c i e n t l y  removed  from t h e  N2 Raman l i n e  t h a t  f i l t e r s  ( d i e l e c t r i c  a n d / o r  c h e m i c a l )  
p r o v i d e  s u f f i c i e n t  i s o l a t i o n  f o r  d e t e c t i o n .  
P, 6 )  226 I 
I 
2 6  nrn r 
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Figure  9.- Lidar-LIF  energy  diagram Eor NO d e t e c t i o n .  
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The c u r r e n t  s t a t u s  of the l idar-LIF NO ins t rument  is t h a t  a pro to type  ins t rument  
is b e i n g  t e s t e d  i n  t h e  f i e l d  ( a i r c r a f t  f l i g h t s ) .  T h e s e  f l i g h t s  w i l l  provide  engi-  
neering  data  from  which  instrument  improvements  can be made. The system as c u r r e n t l y  
configured is about 4.5 m long and 2 m h igh  a t  the te lescope and weighs about  
1300 kg. A s  the   need  develops,   the   system  can be s c a l e d  down s i g n i f i c a n t l y .  The 
d i s t i n g u i s h i n g  a s p e c t  of t h i s  sys t em as compared t o  o t h e r  l i d a r s  i s  the  t echn iques  
used to  reduce sky background ( that  is ,  p o i n t i n g  upward  and u s i n g  a n  a d j u s t a b l e  
polar izer ) .   Looking  upward as opposed to   hor izonta l ly   reduces   background  because  
less atmosphere is p r e s e n t  t o  scatter l i gh t   t oward   t he   r ece ive r .  The p o l a r i z e r  t a k e s  
advantage of t h e  f a c t  t h a t  R a y l e i g h - s c a t t e r e d  l i g h t  ( t h e  s o u r c e  of the  background) is 
st rongly  polar ized,   whereas   f luorescence  f rom NO i s  n o t .  I n s e r t i o n  of a p o l a r i z e r  
t h e r e f o r e  d e c r e a s e s  t h e  c o l l e c t i o n  e f f i c i e n c y  f o r  t h e  f l u o r e s c e n c e  by a f a c t o r  of 2 
wh i l e  ach iev ing  a much grea te r  reduct ion  in  the  background.  
The i n t e r f e r e n c e  e f f e c t  of most  concern i s  f luorescence  f rom aerosols  and  o ther  
m o l e c u l e s   ( p a r t i c u l a r l y  SO2) e x c i t e d  by t h e  laser. S c a t t e r e d   s o l a r   f l u x   d o e s   n o t  
p r e s e n t  a problem at  259 nm because  wi th  proper  f i l t e r ing  the  background count  ra te ,  
i n  p r i n c i p l e ,  c a n  be made n e g l i g i b l e .  Also, laser product ion  mechanisms f o r  NO 
should  not  be s i g n i f i c a n t .   C u r r e n t   f i e l d   t e s t i n g  of the   t echnique   should   quant i fy  
the  magnitude of t h e s e   i n t e r f e r e n c e s .   F l u o r e s c e n c e   b r a n c h i n g   r a t i o s   f o r   t h e  y band 
have  been  measured, as have  quenching  coeff ic ients .   Al though  s t rong  a tmospheric  
a t t e n u a t i o n  of bo th  t r ansmi t  and  r ece ive  wave leng ths  occur s  due  to  sca t t e r ing  and  
ozone  absorp t ion ,  fas t  and  h igh-qual i ty  t ropospher ic  NO measurements are s t i l l  
p o s s i b l e .  
Ion iza t ion  Spec t roscopy 
Ion iza t ion  spec t roscopy  i s  a comparatively new and s e n s i t i v e  i n  s i t u  l a s e r  t e c h -  
n i q u e  c u r r e n t l y  u n d e r  l a b o r a t o r y  i n v e s t i g a t i o n  f o r  t r o p o s p h e r i c  NO measurements  and 
i s  be ing   cons idered   conceptua l ly   for  NO2 measurements. The general   concept  of 
i on iza t ion  spec t roscopy  i s  w e l l  e s t a b l i s h e d ,  h a v i n g  b e e n  e x p l o i t e d  i n  s p e c t r o s c o p i c  
s tudies   (Johnson  and Otis, 1981; Hurst e t  a l . ,  1977; Brophy  and R e t t n e r ,  1979; Smith 
e t  a l . ,  1982); however, l i t t l e  d a t a   a r e   a v a i l a b l e   p e r t a i n i n g   t o   q u a n t i t a t i v e   d e t e r m i -  
n a t i o n  of t r a c e   t r o p o s p h e r i c  species. The b a s i c   c o n c e p t   u t i l i z e s  one o r  more pulsed  
v i s i b l e  o r  W laser wavelengths  focused  between two b ia sed  ion  co l l ec t ion  p la tes  
housed  inside a sample cel l .   I f   the   net   photon  energy  absorbed p e r  molecule  exceeds 
i t s  i o n i z a t i o n   p o t e n t i a l ,   i o n s  w i l l  be produced.  These  ions are c o l l e c t e d  by t h e  
b i a s e d  plates ,  ampl i f i ed  by an electrometer ,  and processed on a s ing le - sho t  bas i s  by 
a ga ted   i n t eg ra to r .  The r e s u l t a n t   p r o c e s s e d   s i g n a l  i s  a measure of t he  number  of 
molecules of i n t e r e s t  i n  t h e  sample  cel l .  A s  most m o l e c u l a r   i o n i z a t i o n   p o t e n t i a l  
f a l l s  i n  t h e  r a n g e  of 8 t o  13 e V ,  t h r e e  o r  f o u r  v i s i b l e  p h o t o n s  o r  two u l t r a v i o l e t  
photons are g e n e r a l l y  r e q u i r e d  f o r  i o n i z a t i o n  of the molecule.  
Ion iza t ion  spec t roscopy can  be implemented  via two different   approaches,   namely 
Mul t iphoton   Ion iza t ion  (MPI) and  Resonant   Ionizat ion  Spectroscopy (RIS). The MPI 
a p p r o a c h  t e n d s  t o  u t i l i z e  high-power  pulsed lasers which provide the capabi l i ty  of 
i on iz ing   d i r ec t ly   f rom  the   g round  s ta te  of the  molecule.   This  approach  can be 
s a t i s f a c t o r i l y  a p p l i e d  i n  m i x t u r e s  of well-defined  gases.  However, i n  a complex 
mixture ,  such as an atmospheric  sample,  t h e  MPI approach can ionize a number  of 
different molecules in the sample,  thereby producing an unwanted background signal.  
An impor t an t  cons ide ra t ion  fo r  i on iza t ion  spec t roscopy ,  where  on ly  to t a l  i on  
c u r r e n t  is  measured, i s  t h e  l a c k  of mass r e s o l u t i o n  ( e . g . ,  i n a b i l i t y  t o  q u a n t i f y  
background  interference) ,   and  the MPI approach   tends   to   exaggera te   th i s   p roblem.  The 
RIS approach  takes  advantage of t h e  f a c t  t h a t  e a c h  s p e c i e s  p o s s e s s e s  a unique  spec- 
t ro scop ic  s igna tu re  wh ich ,  w i th  a p r i o r i  knowledge,  can be exploi ted to  control  
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i o n i z a t i o n  rates. This  would then   p rov ide   spec ie s   s e l ec t iv i ty   wh i l e   min imiz ing  back- 
g round   i on iza t ion   fo r   t he   o the r  components.  Because  of t h i s  p o t e n t i a l  f o r  m i n i m i z i n g  
€ n t e r f e r i n g  e f f e c t s ,  t h e  RIS approach is c l e a r l y  more des i rab le .   For  NO, a pure RIS 
methodology  can be cons ide red ;  fo r  NO2, the  methodology must  be c l a s s i f i e d  as MPI ,  
a l t hough ,  as w i l l  be s e e n  b e l o w ,  t h e  f i n a l  s t e p  i n  t h e  NO2 scheme is i n  fact  RIS. 
RIS u t i l i z e s  two o r  more laser wavelengths. The f i r s t  laser i s  tuned   t o   r e so -  
n a n t l y  e x c i t e  a spec i f i c  molecu le  f rom i ts  g r o u n d  e l e c t r o n i c  s ta te  t o  a n  i n t e r m e d i a t e  
e l e c t r o n i c  s ta te ;  t h i s  is s i m i l a r  t o  t h e  p r o c e s s  employed in  the  l a se r - induced  f luo -  
rescence ( L I F )  methods.  Before t h i s   e x c i t e d   l e v e l   c a n  be s t r o n g l y  quenched o r  
r a d i a t e d ,  it i s  pumped by another  laser which is capable  of i on iz ing  on ly  the  exc i t ed  
molecules  produced by t h e  f i r s t  laser but is  not  capable of ion iz ing  the  molecule  
from i t s  ground s ta te .  Laser quantum ene rg ie s  are chosen  such  that   the  sum of t h e  
two l a se r  quan ta  exceeds  the  ion - i za t ion  po ten t i a l  of t he  g round  s t a t e  of'  t he  mole- 
cu le .  The n e t   r e s u l t  of t he   abso rp t ion  of two or more laser photons i s  t h e   s e l e c t i v e  
conversion of a s p e c i f i c  m o l e c u l e  i n  a mixture  to  an  ion ,  which  is co l l ec t ed  wi th  
h i g h  e f f i c i e n c y  by i o n  c o l l e c t i o n  o p t i c s .  
The RIS approach  for  NO d e t e c t i o n  i s  i l l u s t r a t e d  on the  po ten t i a l - ene rgy  cu rves  
f o r  t h e  e l e c t r o n i c  s ta tes  of NO and NO+ shown in f i g u r e  10. The i o n i z a t i o n  p o t e n t i a l  
f o r  NO i s  9.26 eV and t h e  sum of the  two laser quanta  must  be equal  to  or  greater  
t h a n   t h i s .  The t h r e e   p o s s i b l e  RIS d e t e c t i o n  schemes i l l u s t r a t e d  i n  t h e  f i g u r e  are 
l i s t e d  h e r e .  
Scheme 1 
X1 = 226 nm 
NO(X2n, v" = 0) + hu -- "-f NO*(A 2 +  C , v'  = 0) 
Scheme 2 
X1 = 226 nm 
N0(X2n, v" = 0) + hv NO*(A~C+, V I  = 01 
X2 < 308 nm 
NO*(A2C+, v '  = 0) + hu t NO+ + e- 
Scheme 3 
XI  = 226 nm 
NO(X2n, v" = 0) + hu -NO*(A2C+, v '  = 0) 
X2 = 600 nm 
NO*(A~C+, V I  = 0) + hu NO*(E~C+, V I  J'> 
X3 = 600 nm 
NO*(E~C+, V '  J') + hu -NO+ + e- 
A s  shown a b o v e ,  t h e  i n i t i a l  s t e p  f o r  e a c h  scheme is r e s o n a n t  e x c i t a t i o n  of t h e  
ground state of NO a t  226 nm on the  y(0,O) band t o  the  NO*(A2C+, v' = 0) e l e c t r o n -  
i c a l l y  e x c i t e d  state. For  high laser f luxes  (I > photon/cm2 sec) at X = 226 nm, 
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Figure  10.- NO energy diagram for Resonant 
Ioniza t ion  Spec t roscopy Detec t ion .  
a second  photon a t  X wi th  energy hul  has  a l a r g e  p r o b a b i l i t y  of being absorbed by t h e  
e x c i t e d  NO, l e a d i n g   t o   i o n i z a t i o n .   I n   t h i s  scheme, t he   t o t a l   pho ton   ene rgy  i s  
approximately 11 e V ,  and t h i s  e n e r g y  may cause  nonresonant   ionizat ion of o t h e r  mole- 
c u l e s   w i t h   i o n i z a t i o n   p o t e n t i a l s  less than 11 eV. I f  t h i s  background  ionizat ion is  
n e g l i g i b l e  f o r  t h e  p a r t i c u l a r  a p p l i c a t i o n ,  t h e n  t h e  f i r s t  scheme o f fe r s  an  advan tage  
of  requi r ing  only  a s i n g l e  laser source. 
The  second  RIS  scheme u t i l i z e s  a less i n t e n s e  laser source  a t  226 nm t o  minimize 
nonresonant   ionizat ion  and a second laser a t  X < 308 nm to   p roduce   ion iza t ion .   This  
second laser can  have a la rger  photon  f lux  because  two quanta of photon energy a t  
308 nm have only approximately 7.5 eV of energy, which i s  too  low t o  i o n i z e  most 
molecules.   If   background  nonresonant  ionization i s  s t i l l  too  h i g h ,   t h e   t h i r d  scheme 
can  be  mployed. I n  t h i s  scheme,  one  photon a t  226 nm and two photons a t  600 nm 
produce   ion iza t ion   and   should   e l imina te  most nonresonant  background. Any remaining 
nonresonant ionization can be measured by t u n i n g  t h e  f i r s t  laser of f  NO resonance. 
When t h e  laser is off  resonance,  any ion s ignal  is due t o  background,  which is sub- 
t r ac t ed  f rom the  ion  signal when the  laser is on t h e  NO resonance  l ine  a t  226 nm. 
The pressure-broadened Doppler l inewidth for NO abso rp t ion  on t h e  y(0,O) band i s  very 
narrow (<0.05 A ) ,  and as such,  any nonresonant  ionizat ion process  should not  be 
a f f e c t e d  by t h e  small wavelength change. 
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By c o n s i d e r i n g  t h e  k i n e t i c  rate e q u a t i o n s ,  a b s o r p t i o n  a n d  i o n i z a t i o n  c r o s s  sec- 
t i ons ,   r ad ia t ive   l i f e t imes ,   and   quench ing  rates €or   the   var ious   schemes ,  estimates of 
t h e  f r a c t i o n  of ground s ta te  NO(X21[, v" = 0) i o n i z e d  t o  NO+ can  be made. Table  111 
summar izes  these  ca l cu la t ions  fo r  a range of laser f l u x e s  a n d  f o r  a sample a t  1 atm 
pres su re .  A s  i n d i c a t e d  i n  t h e  t a b l e  a n d  as allowed by t h e  l e v e l  of nonresonant  back- 
g r o u n d  i o n i z a t i o n ,  s u b s t a n t i a l  i n c r e . a s e s  i n  t h e  f r a c t i o n  of NO i o n i z e d  are gained by 
o p e r a t i o n  a t  h ighe r   pho ton   f l ux   l eve l s .  In a d d i t i o n ,   o p e r a t i o n  at lower   p ressures  
a l s o  improves  overal l  NO i o n i z a t i o n   e f f i c i e n c y .  For example,   for  scheme 2 a t  
(226 nm) and (308 nm) photon   f luxes ,   the  NO+/NO r a t i o  a t  0.1 atm i s  0.13 
compared t o  0.04 a t  1 atm pressure .  
Tab le  I11 - F r a c t i o n  of Ground S t a t e  NO I o n i z e d  p e r  
Lase r  Pu l se  a t  1 Atmosphere  Pressure  
L a s e r  flux r a t e ,   p h o t o n / c m 2 - s e c  
RIS scheme 
X = 226 nm X < 308 nm X = 600 nm NO+/NO 
S i n g l e  laser, 1 0 2 ~  - - 5.2 x 
226 nm (scheme  1) 
1025 - - 2.5 x 10-2 
1026 - - 0.44 
Two l a s e r s ,  1024 - 8.0 x 10-4 
226 and 308 nm 
(scheme  2)  1024  1026 - 4.0 x 
1025 1025 - 0.11 
1025 1026 - 0.23 
1026 1026 - 0.91 
1926 1 0 2 ~  - 0.99 
Two lasers, 1025 - 1025 2.8 x lo-' 
226 and  600 nm 
(scheme 3 )  1027 - 0.99 
An e n e r g y  d i a g r a m  i l l u s t r a t i n g  t h e  e l e c t r o n i c  s ta tes  of NO2 which are a p p l i c a b l e  
to   i on iza t ion   spec t roscopy   de t ec t ion   p r inc ip l e s  is  shown i n  f i g u r e  1 1 .  Ion iza t ion   o f  
NO2 i s  c o n t r o l l e d  by f a s t   p red i s soc ia t ions   (Mor r i son  e t  a l . ,  1981)   l ead ing   t o  
NO + 0. The l i f e t i m e  of t he  2B s ta te  i s  so  s h o r t  t h a t  no NO2 s u r v i v e s  t o  be ion ized  
and   de tec ted  as NO2+. I n s t e a d ,  t h e  d e t e c t i o n  of NO2 i s  based on RIS d e t e c t i o n  of t h e  
NO fragments  produced by laser e x c i t a t i o n  of t h e  NO2 molecule,   such as 
NO2 + 3 2hv NO2* + NO(X2ni, v", J") + O( 1 D) 
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Figure  11.- NO2 energy  d iagram for  mul t iphoton  ion iza t ion  de tec t ion .  
Because of t h e  d i s s o c i a t i o n  of N 0 2 ,  t he  ion iza t ion  spec t roscopy  scheme desc r ibed  he re  
i s ,  i n  t h e  strictest form,  an MPI approach. The e x i s t e n c e  of t h e s e  NO fragments is 
f u r t h e r  i l l u s t r a t e d  by t h e   d a t a  of f i g u r e  12.  The top   ha l f  is  an   ion iza t ion   spec t rum 
of N O 2  wi th  a quadrupole mass spec t rometer  tuned  to  de tec t  on ly  the  ions produced a t  
mass 30 (NO+>. The a d d i t i o n a l   f e a t u r e s   p r e s e n t   i n   t h e   l o w e r   s p e c t r u m  are a t t r i b u t e d  
to   t he   above  NO fragments  and  thus  provide a means f o r  d e t e c t i o n  of NO2. For a l l  
laser wavelengths  inves t iga ted  below 455 nm, the  b ranch ing  r a t io  de f ined  by NO+ t o  
N 0 2 +  i s  a t  least  500 t o  1. 
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Figure  12.- Mul t iphoton  ion iza t ion  spec t rum for  NO2 d e t e c t i o n .  
2 1  
Although the above detect ion schemes for  RIS and MPI are conceptual ly  sound for  
d e t e c t i o n  of mixtures  conta in ing  NO o r  NO2, modif ica t ions  may be necessary when 
dea l ing  wi th  mix tu res  con ta in ing  bo th  NO and N02. The pho tod i s soc ia t ion  of NO2 i s  a 
source  of product ion of some NO i n  t h e  X21[, v" = 0 state,  and thus may become a n  
i n t e r f e r e n c e  f o r  a n y  NO measurement i f  p r o p e r  care is not  taken  in  the  exper iment .  
To s o l v e  t h i s  p r o b l e m  f o r  MPI, i t  is sugges t ed  tha t  NO2 be de tec t ed  us ing  MPI a t  
283 nm. What is measured i n  t h i s  case is the  ion iza t ion  spec t rum resu l t i ng  f rom NO 
f r agmen t s   gene ra t ed   i n   t he  v" = 5 state.  There is no c o n t r i b u t i o n   t o   t h e   i o n i z a t i o n  
s i g n a l  a t  th i s  wavelength  f rom NO in t h e  i n i t i a l  a i r  sample.  The NO2 concen t r a t ion  
c a n  i n  p r i n c i p l e  be q u a n t i t a t i v e l y  e s t a b l i s h e d  by c a l i b r a t i o n  w i t h  NO2 s t anda rds ,  
t hus  e l imina t ing  the  need  to  de t e rmine  pho to lys i s  e f f i c i ency  in to  NO (v" = 5) state. 
NO concen t r a t ion  i n  the a i r  sample  is determined by the  p rev ious ly  d i scussed  RIS 
scheme a t  X I  = 226 nm and X2 < 308 nm. However, i n  t h i s  case a t o t a l  NO measurement 
i s  made which includes the NO i n i t i a l l y  i n  t h e  sample p l u s  NO fragments  from  any NO2 
p h o t o d i s s o c i a t i o n  i n t o  t h e  v" = 0 s ta te .  C a l i b r a t i o n  w i t h  known s tandatds   can  
p r o v i d e  t h e  i n s t r u m e n t  s e n s i t i v i t i e s  r e q u i r e d  f o r  q u a n t i t a t i v e  d e t e r m i n a t i o n  of NO. 
It is  ant ic ipa ted   tha t   deve lopment  of such a laser i o n i z a t i o n  scheme to  opera-  
t i o n a l  s t a t u s  w i l l  r e s u l t  i n  an instrument  capable  of measuring NO and NO2 a t  g l o b a l  
t ropospher ic   concent ra t ion   leve ls .   Sources  of i n t e r f e rence   f rom  o the r  NOx compounds 
t h a t  may be p r e s e n t  i n  a t roposphe r i c  a i r  sample need t o  be inves t iga t ed ,  bu t  t hese  
a r e  l i m i t e d  t o  compounds t h a t  may produce  s ignals  a t  wavelengths  used  for  the RIS 
method. 
Absorption Spectroscopy 
The  terminolo,gy  "absorption  spectroscopy" i s  used  he re  to  encompass a gene ra l  
class of techniques  that   measure a change in  the  rad iance  f rom some source due t o  
abso rp t ion  occur r ing  as the   rad iance  is d i r e c t e d  o v e r  a known pa th   l ength .   This  
measurement  approach i s ,  i n  g e n e r a l ,  v e r y  v e r s a t i l e  as well as be ing   spec ies  
s p e c i f i c .  A s  cons ide red   he re ,   t h i s   t echno logy   i nc ludes   t echn iques   t ha t   u t i l i ze  
broadband  or  monochromatic laser sources and employ the  W t o  I R  spectral region.  
De tec t ion  and q u a n t i t a t i o n  of t he  concen t r a t ion  of a g iven  trace gas  v i a  abso rp t ion  
spectroscopy are based on the  ex i s t ence  of a unique spectral  s i g n a t u r e  a s s o c i a t e d  
wi th  the  gas  as well as on t h e  c a p a b i l i t y  t o  i s o l a t e  a n  a b s o r p t i o n  l i n e  o r  f e a t u r e  
which is f r e e  Erom i n t e r f e r e n c e  from other   a tmospheric  compounds. I r o n i c a l l y ,   b o t h  
t h e  s i m p l i c i t y  and  the  complexity of t h i s  t echn ique  s t em f rom the  f ac t  t ha t  t he  
un ique  spec t r a l  f ea tu re s  exh ib i t ed  by t h e  t a r g e t  g a s  are q u i t e  o f t e n  i n t e r m i n g l e d  
w i t h  t h e  s p e c t r a l  s i g n a t u r e s  e x h i b i t e d  by most trace atmospheric  gases .  
The I R  spec t r a l  r eg ion  has  t r ad i t i ona l ly  been  cons ide red  the  " f inge rp r in t "  o f  
the atmosphere because most po lya tomic  molecules  have  v ibra t iona l - ro ta t iona l  bands  in  
t h e  I R .  However, the  W and  near-W  spectral   region i s  of p a r t i c u l a r  i n t e r e s t  h e r e  
because a number of NxOy spec ie s  exh ib i t  we l l -de f ined  spectral  f e a t u r e s  i n  t h i s  
reg ion .  The  two measurement  methodologies  generally  used  in  both  the W and I R  
regions  can be cha rac t e r i zed  as e i the r   gene ra l   su rvey   o r  species s p e c i f i c .  The 
survey approach i s  t y p i f i e d  by a tmospher ic  absorp t ion  spectra obtained over wide 
cont inuous   spec t ra l   reg ions ,   whereas   the   spec ies -spec i f ic   approach  is gene ra l ly  
r e s t r i c t e d  t o  a very  nar row spec t ra l  reg ion  around an  i so la ted  absorp t ion  l ine  asso-  
c ia ted   wi th   the   des i red   molecule .  The advantage of the  survey  approach is  t h e   l a r g e  
information content ,  which can of ten be u s e d  t o  i d e n t i f y  a n d  c o r r e c t  f o r  i n t e r f e r i n g  
c o n s t i t u e n t s .  The disadvantage is the   complexi ty   assoc ia ted   wi th   l a rge   da ta  rates 
a n d   d a t a   i n t e r p r e t a t i o n .  The advantage of t he   spec ie s - spec i f i c   app roach  is the  lower 
d a t a  rates, and d a t a  i n t e r p r e t a t i o n  is  g e n e r a l l y  s t r a i g h t f o r w a r d ,  l e n d i n g  i t s e l f  t o  
real-time results. The disadvantage is t h e   s u s c e p t i b i l i t y   t o  unknown i n t e r f e r i n g  
a f f e c t s .  
2 2  
The  workshop  reviewed two survey type techniques and one species-specif ic  tech- 
nique. The survey  approaches were Fourier   Transform  Infrared  Spectroscopy (FTIR)  and 
Long-Path  Absorption. The spec ies -spec i f ic  approach  w a s  Infrared  Tunable-Diode Laser 
Spectroscopy. A b r i e f   d i scuss ion  of t h e  s a l i e n t  f e a t u r e s  a n d  p o t e n t i a l  of each  
approach is given below. 
Fo~ur i e - rTr -ans fc~~m In f ra red  Spec t roscopy  (FTIR) .- Four i e r  t r ans fo rm spec t roscopy  
is one  of t h e  more conven t iona l  t echn iques  in  abso rp t ion  spec t roscopy  and  can  be  used  
i n  e i t h e r  a r e m o t e  o r  a n  i n  s i t u  c o n f i g u r a t i o n  (Mankin,  1979). I n  a p p l i c a t i o n ,  the 
Four i e r  t r ans fo rm of a p o r t i o n  of the  t ransmiss ion  spec t rum of the atmosphere i s  
reco rded  and  abso rp t ion  pa t t e rns  o r  f ea tu re s  known t o  be a s soc ia t ed  wi th  the  molecu le  
are i d e n t i f i e d .  Each molecule   genera l ly   has   un ique   absorp t ion   s igna tures   tha t  
provide  an  unambiguous  ident i f icat ion of the   molecule’s   p resence .   Quant i ta t ive  
de te rmlna t ion  of t he  concen t r a t ion  p resen t  i s  somewhat  more problematic  due to  over-  
l app ing  spec t r a  f rom o the r  abso rb ing  molecu le s  in  the  a i r  sample. When used as a 
remote  sensor ,   the  Sun g e n e r a l l y  s e r v e s  as a thermal  source ,  wi th  the  opt ica l  depth  
of  the  measurement i n  e f f e c t  l i m i t e d  by t h e  a m b i e n t  d i s t r i b u t i o n  of t h e  s p e c i e s  of 
i n t e r e s t .  I n  t h i s  mode, FTIR has   found  ex tens ive   appl ica t ions   in   remote   sens ing   of  
t he  s t r a tosphe re  f rom bo th  g round  and  ba l loon  p l a t fo rms .  In  the  in  s i t u  mode, a 
thermal source is  used i n  c o n j u n c t i o n  w i t h  a multipass (sample ce l l )  abso rp t ion  ce l l .  
FTIR d e t e c t i o n  w i t h  a long-path c e l l  has been used in both ground-based and 
airborne  systems.  A c e l l  of 1 km path  length  has  been  used on the  ground  and a c e l l  
w i t h  a p a t h  l e n g t h  of 160 m has  been  flown. The s e n s i t i v i t y  of t he  t echn ique  i s  
determined by the  ach ievab le  pa th  l eng th  and  the minimum d e t e c t a b l e  a b s o r p t i o n .  
Because of d i f f l c u l t i e s  i n  d e f i n i n g  t h e  b a s e l i n e  signal l e v e l ,  a b s o r p t i o n  less than  
1 percent   cannot   re l iab ly  be measured.  This places some l i m i t a t i o n s  on the  lowest  
a t t a i n a b l e   d e t e c t i o n  l i m i t .  The d e t e c t i o n  l i m i t  volume mix ing   r a t io ,  pdn, can  be 
ca l cu la t ed   f rom Mankin (1 980) : 
where S l i n e   i n t e n s i t y ,  cm l/cm-atm 
- 
L pa th   l eng th ,  cm 
a pressure-broadened  l ine  width,  c m  /atm 
Kmin min imal   de tec tab le   absorp t ion  
-1 
0 
For  a s p e c i e s  w i t h  a s t r o n g  a b s o r p t i o n  l i n e  (S L. 10, a, L. 0.081, d e t e c t i o n  limits of 
approximately 2.5 and  15  ppbv  can be ob ta ined  wi th  pa th  l eng ths  of 1 km and  160 m, 
respec t ive ly ,  assuming minimal  de tec t ion  of about 1 p e r c e n t  a b s o r p t i o n  (Kmin = 0.01). 
FTIR has  been  app l i ed  to  the d e t e c t i o n  of HNO3 and PAN. Using a ground-based 
system with a 1-km ce l l ,  d e t e c t i o n  limits of 6 ppbv (€IN031 and 3 ppbv (PAN) have  been 
observed.  Although  an  airborne  system  has  not  been  developed  for NxOy compounds, CO 
measurements  with the airborne 160-m ce l l  show d e t e c t i o n  limits of approximately 
15  ppbv a t  1 km a l t i t u d e .  While FTIR can  be  used for   t ropospheric   measurements  of 
HNO3 and PAN, i t  i s  u n l i k e l y  t o  h a v e  s u f f i c i e n t  s e n s i t i v i t y  f o r  m e a s u r e m e n t s  i n  t h e  
f r ee   ( c l ean )   t roposphe re .  
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I n f r a r e d  Tunable-Diode Laser Spectroscopy.- This i s  a t echn ique  wh ich  in  gene ra l  
is v e r y   v e r s a t i l e  as w e l l  as b e i n g   h i g h l y   s p e c i e s   s p e c i f i c .  I n  th i s   app roach ,  a 
monochromatic source, such as a tunable-diode laser, i s  scanned over a narrow wave- 
length  reg ion  around a p a r t i c u l a r  a b s o r p t i o n  l i n e  o r  f e a t u r e  of the  gas  of i n t e r e s t .  
The h i g h  s e n s i t i v i t y  of the tunable-diode laser concept is a t t r i b u t e d  t o  two f a c t o r s .  
F i r s t ,  t h e  s p e c t r a l  r a d i a n c e  of the  diodes i s  lo8 t o  10l2 h ighe r  than  tha t  of thermal 
sources ,  which means t h a t  most  measurements are n o t  l i m i t e d  by d e t e c t o r  n o i s e  a n d  
more r e f l e c t i o n s  i n  a White ce l l  may be  used t o  i n c r e a s e  t h e  o p t i c a l  p a t h  l e n g t h  
b e f o r e   l o s s e s  are unacceptable.  Second,  and  perhaps more impor t an t ,  is t h e   r a p i d  
t u n a b i l i t y  of t h e  laser. With   rap id   scanning   back   and   for th   across   an   absorp t ion  
l i n e ,  t h e  a b s o r p t i o n  s i g n a l s  a p p e a r  as an a.c. s i g n a l  a t  twice the  tun ing  f requency  
and  can  be s e n s i t i v e l y   d e t e c t e d  by synchronous  demodulation.  Measurement of absorp- 
t i o n  t o  a p p r o x i m a t e l y  1 p a r t  i n  lo5 has  been  demonstrated. 
The v e r s a t i l i t y  of the  tunable- laser  spec t roscopy approach  stems f r o m  t h e  f a c t  
that  the basic  system design can be used for  any molecule  for  which an overlap 
be tween an  absorp t ion  fea ture  and  laser  emiss ion  can  be  found, as w e l l  as t h e  f a c t  
that  semiconductor  diode lasers are avai lable  f rom commercial  sources  f rom approxi-  
mately 3 t o  30 pm. Tunable-diode laser s y s t e m s   c u r r e n t l y   e x i s t   f o r  CO (Hinkley 
e t  a l . ,  1976;  Sachse e t  a l . ,  1977; Miller e t  a l . ,  1980)  and  have  been  developed i n  
t h e  l a b o r a t o r y  f o r  N 0 compounds (Cassidy  and  Reid, 1982) and i n  p a r t i c u l a r  f o r  NO, 
N02, and HNO3. X Y  
The b a s i c  components of a typ ica l   sys t em are i l l u s t r a t e d  in f i g u r e  13. The 
cryogenica l ly   cooled  laser is tuned   to   the   f requency  of t h e  p a r t i c u l a r  a b s o r p t i o n  
f e a t u r e  of in te res t ,  and  th i s  cen ter  f requency  can  be modu la t ed  v i a  the  in j ec t ion  
c u r r e n t  a t  rates up t o  10 kHz. I n  p r a c t i c e ,   t h e   t y p i c a l   s c a n n i n g  rate ranges  from 
1 t o  2 W z .  A small percentage  of t h e  TDL power i s  d i v e r t e d  a l o n g  a n  o p t i c a l  l e g  
t h a t  c o n t a i n s  a gas  re ference  ce l l  a long  wi th  a d e t e c t o r  a n d  e l e c t r o n i c s  t o  lock  the  
TDL frequency sweep on o r   n e a r   t h e  center of t h e  a b s o r p t i o n  l i n e  of i n t e r e s t .  TDL 
power t r ansmi t t ed  by t h e  f i r s t  beam s p l i t t e r  is  mechanically  chopped a t  a frequency 
less than  the  TDL cu r ren t  modu la t ion  and  then  sp l i t  i n to  two o p t i c a l  p a t h s .  
Au tomat i c  ga in  con t ro l  c i r cu i t ry  p rocesses  the  chopped TDL s igna l  t o  no rma l i ze  the  
ins t rument  output  wi th  respect t o  d r i f t s  i n  t h e  d e t e c t o r s  a n d  e l e c t r o n i c s  a n d  t o  
Mechanical 
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electronics 
stability AGC 
Synchronous 
acquisition electronics 
I 
Figure  13.- Basic de tec to r  €o r  t unab le -d iode  laser technique. 
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e l e c t r o n i c a l l y  b a l a n c e  t h e  o u t p u t  signals from the A and B d e t e c t o r s  (shown i n  
f igu re   13 ) .  The B d e t e c t o r  s e r v e s  as a common  mode r e j e c t o r  of u n d e s i r e d  s i g n a l s  on 
t h e  laser beam. For  example,   the TDL c u r r e n t  sweep generates   ampli tude  modulat ion  in  
addi t ion   to   f requency   modula t ion .  If  uncorrected,   the  second  harmonic of t h i s  
amplitude  modulation  would  generate a b i a s  o f f s e t  a t  the   i n s t rumen t   ou tpu t .  The use  
of t h e  B detec tor   can   p rovide  real-time removal of t h i s  b a s e l i n e  s h i f t .  The ou tpu t  
of t h e  A-B d i f f e r e n t i a l  a m p l i f i e r  i s  s i m p l y  t h e  a b s o r p t i o n  s i g n a l  i n t e r r u p t e d  a t  t h e  
mechanical  chopper rate. Synchronous   e l ec t ron ic s   de t ec t   t he   abso rp t ion   s igna l  a t  t h e  
second  harmonic of t h e  laser modulat ion frequency,  and the instrument  output  i s  
recorded on a small desktop  computer. The measurement p a t h ,  a l o n g  o p t i c a l  l e g  A, i s  
t y p i c a l l y  a low-pressure  mul t ipass  opt ica l  cel l ,  a l though some a p p l i c a t i o n  may, i n  
f a c t ,   r e q u i r e   d i r e c t  measurement in   the  a tmosphere.  The reference  and sample c e l l s  
are opera ted  a t  t h e  same p r e s s u r e ,   t y p i c a l l y  50 t o r r .  An important  consequence of 
maintaining  the  measurement  path a t  50 t o r r  i s  t h a t  a t  reduced  pressures  the  
a b s o r p t i o n  l i n e s  are narrower,   thereby  reducing  the  range  over  which  the laser must 
be tuned and consequent ly .  the possibi l i ty  of i n t e r f e r e n c e  by a nea rby  abso rp t ion  l i ne  
of ano the r  spec ie s .  
I n  a d d i t i o n  t o  t h e  a b o v e  FM modulat ion detect ion scheme,  the laser can  be  used 
simply as a monochromatic  source. In t h i s  mode, t h e   s e n s i t i v i t y  i s  two o r d e r s  of 
magnitude less than  the M scheme above;  however, by adding a l a r g e  number  of r a p i d  
scans  and  employing  ana log  cance l la t ion  of t he  laser power v a r i a t i o n ,  s e n s i t i v i t i e s  
approaching  the M d e t e c t i o n  scheme  can be achieved.  This  approach i s  c a l l e d  sweep 
i n t e g r a t i o n .  The sweep i n t e g r a t i o n  scheme  can be u s e f u l  f o r  de t ec t ing   t he   p re sence  
of in te r fe rences ,  whereas  the  M scheme provides  cont inuous  spec i€ ic  da ta  over  a very 
narrow  spectral   region.  In prac t i ce ,   bo th   t echn iques  w i l l  probably  be  used. 
The two dominant  noise  sources  in  the  tunable-diode laser systems are n o i s e  
uniquely associated with the semiconductor  laser i t s e l f  and  an  opt ica l  no ise  assoc i -  
a t e d   w i t h   s p u r i o u s   e t a l o n   e f f e c t s   i n   t h e   m u l t i p a s s   c e l l .  The l a s e r - r e l a t e d   n o i s e  
appears t o  be pecu l i a r  t o  s emiconduc to r  l a se r s  and  in  f ac t  appea r s  laser dependent. 
Var ious  aspec ts  of this  noise  have  also  been  documented f o r  o t h e r  a p p l i c a t i o n s  ( e . g . ,  
communications). The o p t i c a l   n o i s e  i s ,  t o  some degree,   dependent on the  laser n o i s e  
a s  well as on the   des ign   and   qua l i t y  of t h e  o p t i c s .  The des ign   and   qua l i ty  of t h e  
m u l t i p a s s  c e l l  as well as t h e  c h a r a c t e r i s t i c s  of t h e  laser o u t p u t  a f f e c t  t h e  maximum 
pa th  l eng th  tha t  can  be ob ta ined  and  consequen t ly  the  ove ra l l  sys t em sens i t i v i ty .  
Various approaches have been used to optimize system sensit ivity with respect to 
laser and   op t i ca l   no i se   and   have   demons t r a t ed   s ens i t i v i t i e s  of 1 p a r t  i n  105.  With 
improvements in   semiconductor  lasers, h ighe r  s ens i t i v i t i e s  shou ld  be  ach ievab le .  
Assuming  system s e n s i t i v i t i e s   s u f f i c i e n t   t o   m e a s u r e   s i g n a l   c h a n g e s  of a 
d e t e c t i o n  limit of approximately 3 p p t v  f o r  a 1-km pa th  length  can  be e x p e c t e d  f o r  
most spec ie s .  For NO, which   has   lower   absorp t ion   l ine   in tens i t ies   than  most s p e c i e s  
(by a f a c t o r  of 21, and consider ing a r easonab le  pa th  l eng th  ( fo lded )  of  300 m f o r  a n  
a i r b o r n e  a p p l i c a t i o n ,  t h e  d e t e c t i o n  l i m i t  should  occur a t  about a 20 p p t v  l e v e l .  
C a l i b r a t i o n  of the  tunable-diode laser f o r  NO r e q u i r e s  t h a t  t h e  r e f e r e n c e  c e l l  
NO concen t r a t ion  be known and   s tab le .   S tandard  NO i n  N2 mix tu res  used  fo r  ca l ib ra -  
t i o n  of  convent ional  NO i n  s i t u  i n s t r u m e n t s  a n d  as the  r e fe rence  c e l l  c o n c e n t r a t i o n  
are t y p i c a l l y  1 ppmv. 
De tec t ion  limits f o r  NO2 ( a i r b o r n e  u n i t ,  300-m pa th  length)  can  be e x p e c t e d  t o  
be about 10 pptv because NO2 a b s o r p t i o n  l i n e  i n t e n s i t i e s  a r e  h i g h e r  t h a n  NO and tend 
t o  be more t y p i c a l  of  polyatomic  molecules  in  general .  NO2 s e n s i t i v i t i e s  of 75  pptv 
f o r  a 40-m path  length  have  been  demonstrated.   Cal ibrat ion of the  tunable-diode 
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laser sys t em fo r  NO2 i s  more p rob lema t i c  t han  fo r  NO s i n c e  a c c e p t e d  NO2 c a l i b r a t i o n  
s tandards use permeat ion tubes and NO2 concen t r a t ions  are less s t a b l e  i n  t h e  
r e f e r e n c e  cell. 
De tec t ion  limits of the tunable-diode laser s y s t e m  f o r  HN03 are expec ted  to  be  
similar t o  t h a t  f o r  NO2 (i.e., -10 pp tv ) .   Cur ren t ly ,   accep tab le  HNO3 c a l i b r a t i o n  
s t a n d a r d s  are d i f f i c u l t  t o  p r e p a r e ,  a n d  t h e r e f o r e  a r e f e r e n c e  cel l  con ta in ing  known 
HN03 concen t r a t ions  is a p o t e n t i a l  problem. 
Long-Path Absorption.- The long-path absorpt ion method i s  a remote sensing tech-  
nique which i s  typ ica l ly  ope ra t ed  ove r  open  t e r r a in  with o p t i c a l  p a t h s  as long as 
10 km. As  w i th   t he   o the r   abso rp t ion   spec t roscopy   t echn iques   d i scussed   he re ,   de t ec -  
t i o n  a n d  q u a n t i t a t i o n  f o r  a s p e c i e s  are based on i d e n t i f y i n g  well-known f e a t u r e s  i n  
the   abso rp t ion   spec t rum of t h e  s p e c i e s .  The technique  i s  a p p l i c a b l e  t o  t h e  d e t e c t i o n  
of var ious atmospheric  gases  having UV a b s o r p t i o n  s p e c t r a ,  i n c l u d i n g  NO, N02,  NO3, 
and HN02 ( P l a t t  e t  a l . ,  1979,  1980a,  b). The a p p l i c a t i o n  of the  technique i s  n e a r l y  
i d e n t i c a l  f o r  e a c h  s p e c i e s ,  d i f f e r i n g  o n l y  i n  t h e  areas of op t i ca l  pa th  l eng th  and  
t h e  l o c a t i o n  of t h e  a b s o r p t i o n  f e a t u r e  of i n t e r e s t  i n  t h e  a b s o r p t i o n  s p e c t r u m  of the 
s p e c i e s .  The s p e c t r a l  p o s i t i o n s  of t h e s e   a b s o r p t i o n   b a n d s   o r   f e a t u r e s   f o r  NO, NO2, 
NO3,  and HN02 are shown i n  T a b l e  I V .  I n  t h e  case of NO3, the   absorp t ion   bands  are 
l o c a t e d  i n  t h e  v i s i b l e  p a r t  of the  spec t rum,  for  NO2 and HN02 they are i n  t h e  n e a r  
UV, and f o r  NO i n  t h e  f a r  W. I n  some cases, a b s o r p t i o n  by other   a tmospheric  com- 
pounds may limit the opt ical  path length over  which the measurement  can be  made; f o r  
example,  absorpt ion by O3 and 02 limits t h e  o p t i c a l  p a t h  t o  a b o u t  1 km f o r  t h e  NO 
measurement. 
Table IV - Long-Path  Absorption  Parameters  for NxOy S p e c i e s  
P o s i t i o n  of D i f f e r e n t i a l  D e t e c t i o n   l i m i t ,  
S p e c i e s  bands absorpt ion 10-km 
(approx) .  c r o s s   s e c t i o n a .  l i g h t  p a t h ,  
nm cm2 PPbV 
NO 225 1.5 x 0. Ib 
NO2 320-450 1.1 x 10-19 0 .1  
NO3 6 2 5 .   6 6 2   1 . 5  x 1 0 - l ~  
HN02 320-390  4.8 x 10-lg 0.02 
T h i s  measurement  concept is similar t o  t h a t  f o r  t h e  d i o d e  laser spec t roscopy,  
with  the  major   differences  being  the  l ight   source  and  the  measurement   path.  A s  i t  i s  
current ly  employed,  the measurement  system consis ts  of a Xe lamp a t  t h e  f o c a l  p o i n t  
of a spher ica l  mir ror  which  d i rec ts  the  l igh t  source  through the  a tmosphere  to  a 
p l ane  mi r ro r  a t  a d i s t a n c e  of a few  kilometers.  The s o u r c e  r a d i a t o n  i s  r e tu rned  
a long  the  ou tgo ing  pa th  to  a d e t e c t i o n  s y s t e m  l o c a t e d  c l o s e  t o  t h e  l i g h t  s o u r c e .  
The d e t e c t i o n  s y s t e m  c o n s i s t s  of a spherical  mirror  which focuses  the incoming 
l i g h t  on the  en t r ance  s l i t  of a double monochromator with relatively low s p e c t r a l  
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r e s o l u t i o n  (0.7 nm). The exi t  s l i t  is  wide ,   cu t t ing   ou t  a 20- t o  30-nm-wide p o r t i o n  
of the  spectrum.  This spectral  band is  scanned  rapidly by a narrow s l i t  p laced  
r ad ia l ly   a round   t he   pe r iphe ry  of a r o t a t i n g  d i s c .  The t r a n s m i t t e d  l i g h t  is observed 
by a photomult ipl ier .   Subsequent   scans are added up  by a microprocessor ,   which  a lso 
provides   housekeeping   and   da ta   handl ing .   Spec t ra l   pos i t ions  are checked by use of a 
r e fe rence  gas cell .  
I n  most cases, the  measurement  signal is a s u p e r p o s i t i o n  of t h e  s i g n a t u r e  of 
s e v e r a l  trace gases  and has  to  be un fo lded  to  ob ta in  the  abso rp t ion  in fo rma t ion  fo r  
the  species   being  measured.   This  i s  i l l u s t r a t e d   i n   f i g u r e  14. Trace ( a )  is  t h e  
absorpt ion  spectrum of a i r  for  simultaneous  measurement of 0 3 ,  NO2, and CH 0. Th i s  
measurement was made along a 6-km pa th  l eng th  a t  a North Sea si te in  1978 t P l a t t  
et al . ,  1979). The dominant   feature  of t r a c e   ( a )  is  caused by the   absorp t ion   spec-  
trum of 0 as v e r i f i e d  by comparison  with a spectrum  from  pure O3 i n  a i r  o b t a i n e d  
from a ca 4 i b r a t i o n  g a s  ce l l  p laced  before  the  en t rance  s l i t  of t he  monochromator 
( t r ace   b ) .  The numerical  comparison of t h e  two s p e c t r a   a l l o w s  one to   deduce   t ha t   t he  
average O3 c o n c e n t r a t i o n   a l o n g   t h e   l i g h t   p a t h  i s  31 ppbv. S u b t r a c t i n g   t h e  O3 
reference spectrum normalized to  31 ppbv  from t h e  o r i g i n a l  a i r  spec t rum yie lds  trace 
(a - b).  It is  dominated by f e a t u r e s  due t o  N O 2  a b s o r p t i o n ,   a l s o  shown as t r a c e  ( d ) ,  
which w a s  ob ta ined  by p l a c i n g  a r e fe rence  ce l l  con ta in ing  pu re  NO2 i n  a i r  i n  f r o n t  of 
t he   en t r ance  s l i t  of the  double  monochromator.  Comparison  yields 2.7 ppbv f o r   t h e  
mean NO2 concen t r a t ion   a long   t he  6.3-km l i g h t  p a t h .  The remaining  spectrum  repre- 
s e n t s  CH20. D e m o n s t r a t e d   s e n s i t i v i t i e s  are l i s t e d   f o r   t h e  N 0 s p e c i e s   i n   T a b l e  IV. 
X Y  
I "  a = data trace,  North Sea 
d = calibration  trace, 2.7  ppbv NO2 
1.0000 
0.9955 CH20  spectrum 
325  330  335 
Wavelength, nm 
Figure  14.- Data trace i l l u s t r a t i n g  l o n g - p a t h  W absorp t ion  
t e c h n i q u e   f o r  NO2 ( P l a t t  e t  al . ,  1979). 
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Photothermal Spectroscopic Techniques 
Numerous l a b o r a t o r y  s t u d i e s  h a v e  d e m o n s t r a t e d  t h e  c a p a b i l i t y  of photoacous t ic  
d e t e c t i o n ,  as well as more r e c e n t  p h a s e  f l u c t u a t i o n  o p t i c a l  h e t e r o d y n e  s e n s o r  
(PFLOHS) t echn iques ,  t o  de t ec t  mo lecu le s  of a t m o s p h e r i c  i n t e r e s t  i n  t h e  ppbv  and  sub- 
ppbv  range  (Fried  and  Hodgeson,  1982;  Terhune  and  Anderson,  1977; Koch and Lahmann, 
1978;  Campillo e t  a l . ,  1980).  These two t e c h n i q u e s   f a l l   u n d e r   t h e   b r o a d   c l a s s i f i c a -  
t ion  of   photothermal   spectroscopy  and are c l o s e l y  r e l a t e d ,  b u t  i n v o l v e  d i f f e r e n t  
measurement  schemes. I n   b o t h   t e c h n i q u e s ,   s e n s i t i v e   d e t e c t i o n  i s  accomplished by 
s e l e c t i v e l y  e x c i t i n g  t r a n s i t i o n s  of t he  gas  of i n t e r e s t  w i t h  a chopped CW or  pu l sed  
laser source.  A t  p r e s su res   nea r   a tmosphe r i c ,   co l l i s iona l   de -exc i t a t ion  by t h e  non- 
abso rb ing  bu f fe r  gas  r ap id ly  conve r t s  t he  abso rbed  ene rgy  in to  t r ans l a t iona l  ene rgy .  
T h i s  l e a d s  t o  a modulated local  temperature  rise and  an  expansion  of  the  background 
gas. The resu l tan t   p ressure   change   can  be d e t e c t e d   i n   p h o t o a c o u s t i c   s t u d i e s  by a 
mic rophone   l oca t ed   i n   t he  wal l  of the  sample chamber. A l t e r n a t i v e l y ,  i n  PFLOHS 
detec t ion  the  change  in t h e  l o c a l  number dens i ty  can  be determined  from a concomitant 
change i n   t h e   r e f r a c t i v e   i n d e x   i n d u c e d  by the   dens i ty   change .   In   t he  l a t te r  tech- 
nique,   the   sample  f low i s  d i r e c t e d  a c r o s s  one arm of a n  u l t r a s e n s i t i v e  laser he tero-  
d y n e  i n t e r f e r o m e t e r  i n  w h i c h  t h e  e x c i t a t i o n  laser and a s ingle-frequency He-Ne laser 
p a s s   c o l l i n e a r l y .  S m a l l  a b s o r p t i o n s   w i t h   c o e f € i c i e n t s  as low as cm-l can  be 
d e t e c t e d  by a change in  phase  of t h e  r e f e r e n c e  laser which passes through both arms 
(Campillo e t  a l . ,  1980;  Davis,  1980). 
Photoacous t ic  Detec t ion . -  NO2 i s  one of t h e  few a tmospher i c  spec ie s  tha t  
exhib i t s   s t rong   absorp t ion   th roughout   he   v i s ib le .   Because   o f   the   quas i -cont inuous  
n a t u r e  of this   absorpt ion,   photothermal   measurements  can be c a r r i e d  o u t  u s i n g  a 
v a r i e t y  of laser sources .   In   recent   photoacous t ic   s tud ies   (Fr ied   and   Hodgeson ,   1982;  
F r i ed ,  1982) ,  a CW argon  ion laser was u s e d  t o  e x c i t e  NO2 cont inuous ly  f lowing  
through a nonresonan t   s t a in l e s s - s t ee l   pho toacous t i c  cel l .  Pho toacous t i c   s igna l s  were 
d e t e c t e d  by an e lec t re t  microphone  and  processed by a bandpass f i l t e r  and lock-in 
ampl i f i e r .   Es t ima tes  of t he   sys t em  de t ec t ion   l imi t  were obta ined  by e x t r a p o l a t i n g  
t h e  s i g n a l - t o - n o i s e  r a t i o  (S/N)  measured i n  t h e  250- t o  500-ppbv range down t o  t h e  
limit where S/N = 2. The d e t e c t i o n  limit was cons is ten t ly   found  to   range   f rom 4 t o  
10 ppbv.  The d e t e c t i o n  l i m i t  of t h i s   sys t em i s  governed by n o i s e  a s s o c i a t e d  w i t h  
r a the r   l a rge   background   s igna l s   a r i s ing   f rom  th ree   sou rces :  (1) a m b i e n t   n o i s e   a t   t h e  
chopper   f requency ,   (2)   sca t te red  laser l igh t   impinging  on the  microphone,  and 
( 3 )  absorp t ion  of t h e  laser r a d i a t i o n  by the  c e l l  walls and windows. Although  the 
background  response  from  these  sources is  r o u t i n e l y  s u b t r a c t e d  f r o m  t h e  t o t a l  
de tec tor  ou tput ,  the  t ime-dependent  var ia t ion  and  the  necess i ty  of  measur ing  a small 
difference  between two l a r g e  s i g n a l s  u l t i m a t e l y  l i m i t  t h e  d e t e c t i o n  s e n s i t i v i t y .  
Obvious solut ions such as i n c r e a s i n g  t h e  laser power t o  e f f e c t  a g r e a t e r  NO2 absorp- 
t ion  a l so  increase  the  background absorp t ion  and  l i t t l e  improvement is noted. 
One means of improving  the  performance of pho toacous t i c  de t ec to r s  and  a t  t he  
same time reducing  troublesome  background  signals i s  t o  u s e  a resonant  photoacous t ic  
ce l l .  I n  such  systems  the  incident  laser r a d i a t i o n  i s  modulated a t  a na tu ra l   r e so -  
nance  of  the  sample chamber. This   genera tes   s tanding   acous t ic   waves ,   the   ampl i tude  
of which is  e n h a n c e d  r e l a t i v e  t o  t h e  i n d u c e d  p r e s s u r e  v a r i a t i o n  g e n e r a t e d  i n  a s i n g l e  
h e a t i n g   c y c l e  i n  a nonresonant cell .  I n   a d d i t i o n ,   s i n c e   t h e   s c a t t e r e d   r a d i a t i o n  
absorbed a t  the  c e l l  walls on ly  weak ly  coup les  to  the  s t and ing  acous t i c  wave,  and 
acous t ic  nodes  can  be placed a t  t h e  c e l l  windows,  background signals can  genera l ly  be 
reduced.   Such  an  approach  has   been  invest igated  in   the  laboratory  (Fr ied  and 
Stedman,  1979)  showing  modest  improvement t o  2 ppbv (S/N = 2).  Although  only a 
modest  improvement was no ted ,  t he  de t ec t ion  limit was l i m i t e d  by s i g n a l  n o i s e  
(p reampl i f i e r   and   e l ec t ron ic s )   r a the r   t han   background   no i se .  To d a t e ,   t h e  most 
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s e n s i t i v e  p h o t o a c o u s t i c  d e t e c t i o n  l i m i t  f o r  NO2 has been achieved using a h i g h e r  
power  argon  ion laser coupled  to  a ca re fu l ly  des igned  r e sonan t  pho toacous t i c  ce l l  
(Terhune  and  Anderson,  1977)  and, i n  a second s tudy ,  us ing  a d i s c r e t e l y  t u n a b l e  I R  CO 
laser coup led   t o  a nonresonant ce l l  (Kreuzer e t  a l . ,  1972). An ex t r apo la t ed   de t ec -  
t i o n  l i m i t  of  200 pp tv  (S/N = 2)  has  been  r epor t ed  in  bo th  cases. I n  t h e  l a t te r ,  t h e  
s e n s i t i v i t y  l i m i t i n g  f a c t o r  was the n o i s e  of the microphone and associated electron-  
ics.  One of t h e s e   i n v e s t i g a t o r s  (C. K. N. Patel ,   pr ivate   communicat ion,   1982)  
an t ic ipa tes  tha t  the  200-pptv  de tec t ion  limit can be reduced down t o  a few pptv using 
a l-W laser, wavelength or  Zeeman modulation, a recent ly  improved  photoacous t ic  ce l l  
(Pa te l  and  Kerl, 1977)  and a 100-second i n t e g r a t i o n  time cons tan t .  
Phase  F luc tua t ion  Opt ica l  Heterodyne  Detec t ion . -  Photoacous t ic  techniques  are 
u l t i m a t e l y  l i m i t e d  by t h e  i n e f f i c i e n c y  of coupling  sound,  which is  genera ted  by the  
l a se r - induced   abso rp t ion ,   i n to  a mic rophone   t r ansduce r .   Phase   f l uc tua t ion   op t i ca l  
he te rodyne  de tec t ion  is perhaps  inherent ly  more s e n s i t i v e  s i n c e  i t  e l i m i n a t e s  t h i s  
i n e f f i c i e n t  s t e p  a n d  shows p o t e n t i a l  f o r  improvement of photothermal detection to the 
pp tv  l eve l .  
I n  a pre l iminary   s tudy  (H. B. Lin  and A .  Fried,   unpubl ished resu l t s ,  1982) ,   the  
output  o€ an argon ion laser was used  to  excite c a l i b r a t e d  m i x t u r e s  of Na2 f lowing  
through  one arm of   an   in te r fe rometer .  The t ime-varying  refract ive  index  change,  
induced by the absorpt ion,  modulated a He-Ne probe laser pass ing  through both  in te r -  
fe rometer  arms. This  modulation was processed by he terodyning   wi th   the   re fe rence  
beam on a photodiode. The i n t e r € e r o m e t e r  was maintained a t  i t s  optimum l inea r   ope r -  
a t ing  po in t ,  ha l fway  be tween  cons t ruc t ive  and  des t ruc t ive  in t e r f e rence ,  w i th  a low- 
rrequency  servo  system. An NO2 d e t e c t i o n  l i m i t  around  98  ppbv was achieved   us ing  
t h i s   c o n f i g u r a t i o n .   S i g n i f i c a n t  improvement  should  be  obtained by employing a more 
s t ab le   i n t e r f e romete r   con€ igura t ion   and  a more e f E e c t i v e   a c o u s t i c   e n c l o s u r e .  More 
impor tan t ly ,  however ,  the  de tec t ion  limit i n  t h i s  s y s t e m  i s  governed by the  absorp-  
t i o n  of t h e  e x c i t a t i o n  laser i n  t h e  beam s p l i t t e r s  u s e d  t o  c o u p l e  t h e  e x c i t a t i o n  a n d  
probe beams. T h i s  e f f e c t  i s  e q u i v a l e n t  t o  t h e  window a b s o r p t i o n   i n   p h o t o a c o u s t i c  
schemes  and i s  q u i t e  s i g n i f i c a n t  when v i s ib l e  exc i t a t ion  wave leng ths  are employed. 
E x c i t a t i o n  i n  t h e  I R  u s i n g  a CO laser  coupled with the system improvements  discussed 
above  should  therefore  e f fec t  a s i g n i f i c a n t  improvement i n  d e t e c t i o n  limit t o  w e l l  
below  100  pptv. 
Photo thermal  de tec t ion  of NO2 e m p l o y i n g  v i s i b l e  e x c i t a t i o n  a l s o  s u f f e r s  f r o m  
in te r fe rences .   These   inc lude  03, NO3, a tmospher ic   aerosols ,   and   poss ib ly   over tone  
a b s o r p t i o n s  of water vapor. The magnitude of O3 and NO3 i n t e r f e r e n c e s  is dependent 
upon the  spectral  r e g i o n  s e l e c t e d  f o r  NO2 abso rp t ion ,  and  fo r  t he  430- t o  450-nm 
r e g i o n  u s i n g  a pulsed dye laser i t  is minimized a t  about 10 pptv each (based on 
absorp t ion   da ta   and   expec ted   spec ies   concent ra t ions) .   Conceptua l ly ,   the   mos t  
promising photothermal  detect ion scheme,  which minimizes  interferences as well  as 
c e l l  wall and window-l ike absorpt ions,  involves  coupl ing photothermal  detect ion with 
Zeeman modulat ion  using  an I R  CO laser   (Freund e t  a l . ,  1976) .   Further   research  on 
th i s  approach  w i l l  determine i ts  c a p a b i l i t i e s  and  l imi t a t ions .  
Col lect ion Techniques 
F i l t e r  Technique.- As  shown i n  T a b l e  11, f i l t e r  c o l l e c t i o n  i s  one of  several  
co l lec t ion  techniques  cons idered  and  is a p p l i c a b l e  t o  NO3- aerosol  and  HNO3 measure- 
ments .   In   fac t ,  most  ambient HNO3 measurements  published  to  date  have  employed 
f i l t e r  c o l l e c t i o n  methods.  The  technology f o r  f i l t e r  s a m p l i n g  i s  s i m p l e ,   s t r a i g h t -  
forward ,   and   re l iab le .  A pump draws a i r  through a series of two f i l t e r s  and a mass 
flow meter. Aerosols are c o l l e c t e d  by t h e  f i r s t  f i l t e r ,  o r  p r e f i l t e r  ( T e f l o n ) ,  and 
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HNO3 vapor is c o l l e c t e d  by the second f i l t e r  ( n y l o n ) .  A f t e r  s a m p l i n g  is completed, 
t h e  n y l o n  f i l t e r  is e x t r a c t e d  with an  aqueous  buf fer ,  d i sso lv ing  i t s  c o l l e c t e d  HN03. 
Ion chromatographic  ana lys i s  of the NO3 i n  t h i s  extract q u a n t i f i e s  t h e  mass of HN03, 
which when d iv ided  by t h e  mass of a i r  sampled yields  the ambient HN03 concen t r a t ion .  
A e r o s o l s  c o l l e c t e d  o n  t h e  p r e f i l t e r  can be ana lyzed  to  de t e rmine  the  NO3 a e r o s o l  
ambient   concentrat ion.  
- 
- 
Only Teflon and acid-washed quartz  f i l ters  have been used as p r e f i l t e r s ;  o t h e r  
materials t e n d  t o  a b s o r b  t h e  n i t r i c  a c i d  v a p o r ,  r e d u c i n g  the amount t h a t  r e a c h e s  t h e  
n y l o n  f i l t e r .  S u c c e s s f u l  a l t e r n a t i v e s  t o  n y l o n  mats f o r  c o l l e c t i n g  t h e  HN03 i n c l u d e  
c e l l u l o s e  f i l t e r s  i m p r e g n a t e d  w i t h  a v a r i e t y  of subs tances ,  such  as NaC1,  c a rbona te s ,  
o r  o rgan ic  bases .  
F i l te r   sampl ing   has   severa l   d i sadvantages .   Sampl ing  times are r e l a t i v e l y  l o n g ,  
t y p i c a l l y  1 hour a t  flow rates of 5 t o  10  scfm f o r  a S/N of 2 a t  pptv   l eve ls .  A t  
h igher   concent ra t ions   the   sampl ing  time can be shor tened   accord ingly .  About 1 hour 
is r e q u i r e d  t o  e x t r a c t  and  ana lyze  the  f i l t e r s ,  and  i f  t he  ion  ch romatograph  is taken  
i n t o  t h e  f i e l d  w i t h  t h e  s a m p l e r ,  f i n a l  d a t a  c a n  be ob ta ined  du r ing  a f i e l d  o p e r a t i o n .  
Probably  the  greatest   d isadvantage of t h e  f i l t e r  t e c h n i q u e  f o r  HN03 i s  t h e  
p o t e n t i a l  f o r  p o s i t i v e  a n d  n e g a t i v e  a r t i f a c t s .  A n e g a t i v e  a r t i f a c t  would  occur i f  
e i t h e r  t h e  p r e f i l t e r  o r  a e r o s o l s  l o a d e d  on i t  were t o  c o l l e c t  HN03 vapor ,  p revent ing  
i t  f r o m  r e a c h i n g  t h e  n y l o n  f i l t e r .  T h i s  i s  u n l i k e l y  t o  be a problem i f  t h e  T e f l o n  o r  
a c i d i f i e d  q u a r t z  p r e f i l t e r s  are not  loaded  heavi ly  nor  exposed  for  long  per iods  of  
time i n   a n   a e r o s o l - r i c h   a t m o s p h e r e .   P o s i t i v e   a r t i f a c t s  are g e n e r a l l y  of g r e a t e r  
concern. They may r e s u l t  when incoming H2SO4 o r  SO2 vapor reacts wi th  NO3- a e r o s o l s  
a l r e a d y  c o l l e c t e d  by t h e  p r e f i l t e r ,  d i s p l a c i n g  HN03 vapor   and  leaving  an SO4 s a l t  
behind on t h e   p r e f i l t e r .   T h i s   " a r t i f a c t  €€NO3" is then   co l l ec t ed  by t h e   n y l o n   f i l t e r  
j u s t  as i f  i t  had  been HN03 vapor   in   the  a tmosphere.  A similar a r t i f a c t  can  occur i f  
NH4NO3 ae roso l  evapora t e s  f rom the  p re f i l t e r ,  fo rming  bo th  NH3 and HNO3 vapors. 
The p o t e n t i a l  NH4NO3 ar t i fac t  i s  a s u b j e c t  of in tense   deba te .   At tempts   to  
m e a s u r e  t h i s  a r t i f a c t  n e c e s s a r i l y  d i s t u r b  t h e  e q u i l i b r i u m  b e t w e e n  NH3, HNO3, and 
NH4N03, producing  ambiguous  results.  Depending on the  experiment  and on test  proce- 
dures  used ,  resu l t s  have  var ied  s igni f icant ly ,  showing NH4NO3 losses  f rom a few 
p e r c e n t   t o   o v e r  50 percent  (Tang,  1980; A p p e l  e t  a l . ,  1981;   Forrest  e t  a l . ,  1982; 
S p i c e r  e t  a l . ,  1982; Shaw e t  a l . ,  1982). Most exper imenters  w i l l  ag ree   t ha t  NH4N03 
evaporation can produce a p o s i t i v e  a r t i f a c t  d u r i n g  l o n g  s a m p l i n g  i n t e r v a l s  i n  
polluted  atmospheres.  But some i n v e s t i g a t o r s   s u g g e s t   t h a t  NH4NO3 w i l l  no t   even   ex is t  
in c lean  a i r  (because  r e l a t ive ly  h igh  ppbv l e v e l s  of HNO3 and NH3 are needed t o  form 
i t )  and tha t  sho r t  s ampl ing  unde r  r e l a t ive ly  homogeneous cond i t ions  would  prevent i t s  
evapora t ion  anyway. Thus,   there  i s  c u r r e n t l y  some u n c e r t a i n t y  as to   the   impor tance  
of t h i s  a r t i f a c t  i n  g l o b a l  t r o p o s p h e r i c  s a m p l i n g .  
- 
F i l t e r  methods  have s u b s t a n t i a l   a d v a n t a g e s .   F i r s t ,   t h e y  are simple  and 
r e l i a b l e ,   w i t h   a l m o s t  no ins t rument  down time. Filters can be broken  or  contami- 
na ted ,   bu t   genera l ly   da ta   recovery  i s  near ly   comple te .   Second,   the   sens i t iv i ty  i s  
known t o  be adequa te  even  fo r  t he  c l eanes t  pa r t s  of the  g lobe ,  and  th i rd ,  bu lk  
a e r o s o l  d a t a  are v i r t u a l l y  f r e e ,  b e i n g  g a i n e d  by a n a l y z i n g  t h e  p r e f i l t e r .  
The n y l o n  f i l t e r  method f o r  HN03 has  been well t e s t ed .  F i e ld  in t e rcompar i son  
tests ( i n  smog c o n d i t i o n s )  w i t h  o t h e r  methods r e s u l t e d  i n  t h e  n y l o n  f i l t e r  d a t a  
having  (a t   95-percent   confidence  level)  a s lope  of  1.02, an i n t e r c e p t  of zero,   and a 
c o r r e l a t i o n  c o e f f i c i e n t  of  0.91 when regressed  aga ins t  median  va lues  f rom severa l  
d i f f e r e n t  HN03 methods.   Other   laboratory  and  f ie ld  tests show t h a t  a b s o l u t e  
a c c u r a c i e s  of  10 percent  can  be obta ined  a t  p r e c i s i o n  l e v e l s  of 1 percent .  
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Condensation Technique.-  Another collection approach, the condensation tech- 
nique, is a p p l i c a b l e  t o  t h e  measurement of many t roposphe r i c  trace gases, i n c l u d i n g  
HN03 and HNO2 (Farmer and Dawson, 1982). Appl i ca t ion  of t h e  t e c h n i q u e  r e q u i r e s  t h a t  
the gas of i n t e r e s t  b e  h i g h l y  s o l u b l e  i n  water. I f  a s u r f a c e  is cooled  below the dew 
p o i n t  of t he   su r round ing  a i r ,  i t  does two th ings :  i t  produces a boundary  layer  of 
f ree  convec t ive  f low,  which  is laminar  under most condi t ions,  and it c o l l e c t s  water 
vapor. I f  t h e  s u r f a c e  is suf f ic ien t ly   c lean   and   smooth ,   the   condensa te   forms  a f i l m  
which  drains   f rom  the  surface  and  can  be  analyzed.  The rate of c o l l e c t i o n  o f  
condensate and i t s  chemical composition are determined by heat  and mass t r ans fe r  and  
by the   concen t r a t ions  of trace subs tances   in   the   sampled  a i r .  Under  most c o n d i t i o n s ,  
p a r t i c u l a t e s  are c o l l e c t e d  i n e f f i c i e n t l y  a n d  t h e r e f o r e  make a n e g l i g i b l e  c o n t r i b u t i o n  
to   obse rved   concen t r a t ions .   H ighes t   co l l ec t ion   e f f i c i ency  is found   fo r   h igh ly  
so luble  gases .  
App l i ca t ion  of the condensation technique for ambient measurements of HN02 and 
HNO3 requi res   about  a l-hour  sampling  period  (determined by f i lm   d ra inage ) .   Sens i -  
t i v i t y  depends  on  the  condensation rate but  i s  u s u a l l y  l i m i t e d  by the chemical  
ana lys i s   t echnique ,   which  is ion  chromatography.  Without  preconcentration of t h e  
condensa te  p r io r  t o  ana lys i s ,  l ower  de t ec t ion  limits are about 50 pp tv  fo r  bo th  HN02 
and HN03. Preconcen t r a t ion   can   l ower   t h i s   t o   abou t  5 pptv.   Accuracy  and  precision 
are  es t imated  (based  on comparison s tudies)  to  be 30 and 9 p e r c e n t  r e s p e c t i v e l y .  
Cur ren t   i n s t rumen t   des ign   does   no t   pe rmi t   r i go rous   d i r ec t   ca l ib ra t ion .   Fu tu re   des ign  
of  the  ins t rument  w i l l  pe rmi t  no t  on ly  d i r ec t  ca l ib ra t ion  bu t  a l so  add i t iona l  i den -  
t i f i c a t i o n  of s e l e c t i v i t y  and  in te r fe rence  parameters .  
This  method, by i t s  na ture ,   cannot   d i s t inguish   be tween  subs tances   p resent   in   the  
a i r  and   those   resu l t ing   f rom  aqueous   reac t ion   (e .g . ,   hydro lys is ) .  Apar t  from N2O5 
(which could be collected as HN03 but i s  expec ted  to  be p r e s e n t  a t  very much lower 
c o n c e n t r a t i o n s ) ,  HN03 determinat ions  should be l i t t l e  a f f e c t e d  by hydro lys i s .  HN02, 
however, w i l l  probably  have some cont r ibu t ion  f rom PAN, but less than  what  would  be 
deduced  f rom  the  re la t ive  mixing  ra t io .  The c o n t r i b u t i o n s  of NO and NO2 t o   obse rved  
HN02 concen t r a t ions  are e x p e c t e d   t o  be small. However, f u r t h e r  work i s  r e q u i r e d   t o  
demonst ra te   th i s .  
Tungs t i c  Acid.- The tungs t ic -ac id  technique  (TAT) i s  a r e l a t i v e l y  new i n  s i t u  
sampling procedure which offers  the potent ia l  for  s imultaneous measurements  of  
ambien t   l eve l s   o f   gaseous   and   pa r t i cu la t e   n i t r i c   ac id .   Th i s   t echn ique   i nhe ren t ly  
c o l l e c t s  NH3 and HN03 s imul taneous ly .   Accord ingly ,   the   fo l lowing   d i scuss ion  w i l l  
cove r  t he  ana lys i s  p rocedure  fo r  NH3 and HN03. The bas ic   t echnique   has   been  
descr ibed  by Braman e t  a l .  (1982) and f ie ld- tes ted  f rom a ground-based platform by 
McClenny e t  al .  (1982). Airborne tests of an  automated  system  using  the TAT are 
cur ren t ly   under  way a t  the  Langley  Research  Center .   Col lect ion  of   the  gaseous 
s p e c i e s  is similar to  the  d i f fus ion  denuder  t echn iques ,  whereas the a e r o s o l  c o l l e c -  
t i o n  is  similar to   t he   f i l t e r   t ype   t echn iques .   Fo r   bo th   spec ie s ,   however ,   t he  
c o l l e c t i o n  medium i s  W 0 3 .  Figure  15 i l l u s t r a t e s  t h e  b a s i c  components of the   co l l ec -  
t ion  system. Ambient a i r  i s  drawn  through a hol low  d i f fus ion   tube   coa ted  on i t s  
i n t e r i o r  w i t h  W 0 3  and then through a tube packed with W03-coated sand. With laminar 
f low es tab l i shed ,  gaseous  HN03 and NH3 are absorbed on t h e  W 0 3  i n  t h e  d i f f u s i o n  t u b e  
whi le   the   aerosols   pass   th rough  and  are co l l ec t ed  in  the  packed  tube .  Even  though 
t h e  d e t a i l s  of the abso rp t ion  p rocess  are n o t  f u l l y  u n d e r s t o o d ,  l a b o r a t o r y  s t u d i e s  by 
Rraman e t  al. (1982) s u g g e s t  t h a t  i t  is h i g h l y  s e l e c t i v e  w i t h  r e s p e c t  t o  t h e  g a s e o u s  
phase of NH3 and HN03. C o r r e l a t i v e - t y p e   s t u d i e s   a l s o   s u p p o r t   t h e   s e l e c t i v e   a b s o r p -  
t i o n  p r o p e r t i e s  of t h e  W 0 3  c o a t i n g  f o r  b o t h  NH3 (Harward e t  a l . ,  1982) and HN03 
(Shaw et  a l . ,  1982). 
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Figure  15.- Hollow and packed tube design for 
t ungs t i c -ac id  co l l ec t ion  t echn ique .  
Sample analysis  for  each col lect ion tube (hol low and packed)  i s  performed as a 
two-s tep  process  resu l t ing  in  separa t ion  and  de tec t ion  of t h e  NH3 and HN03 
components. The ana lys i s   t echnique  is based on conversion  of  each component to NO 
and   u l t ima te   de t ec t ion   v i a   an  NO, chemiluminescence  analyzer.   Collected  samples are 
thermally desorbed by hea t ing  the  co l lec t ion  tubes  ( -350°C) ,  and  desorbed  gases  are 
forced  through a " t ransfer   tube"   and   over  a h e a t e d  c a t a l y s t  bed. When the  hollow 
c o l l e c t i o n   t u b e  i s  hea ted ,  NH3 and HN03 are re l eased .  The NH3 remains as gaseous NH3 
and HNO3 i s  re l eased  as NO2 and NO. The t r ans€e r  t ube  i s  simply a ho l low co l l ec t ion  
t u b e  h e l d  i n i t i a l l y  a t  room t empera tu re ,  and  se rves  to  r e -co l l ec t  t he  NH3, thereby 
s e p a r a t i n g  i t  from  the NO2 and NO re leased  f rom the  HN03. The NO2 r e s u l t i n g  from  the 
HNO3 i s  no t  a f f ec t ed  by the  t r ans fe r  t ube  and  i s  conve r t ed  to  NO i n  t h e  c a t a l y s t  
bed. The f i r s t  s t e p  i n  t h e  a n a l y s i s  is  completed  with  detect ion of t h e  NO 
o r ig ina t ing  f rom HN03 v i a  t h e  NO, ana lyzer .  The second s tep  i s  i n i t i a t e d  by h e a t i n g  
the  t r ans fe r  t ube  to  the rma l ly  deso rb  NH3, which i s  o x i d i z e d  t o  NO i n  t h e  c a t a l y s t  
bed and subsequent ly  detected in  the NO, a n a l y z e r .  I n  a similar manner t h e  a e r o s o l  
components co l lec ted   in   the   packed   tubes  are a n a l y z e d   i n  a two-step  process.   Heating 
t h e  a e r o s o l  c o l l e c t i o n  ( p a c k e d )  t u b e s  releases NH3 from the ammonium-containing 
compounds and NO2 f r o m  t h e  n i t r a t e  compounds. Separat ion  and  conversion of each  
species t o  NO and  de tec t ion  of NO are i d e n t i c a l  t o  t h e  p r o c e s s e s  d e s c r i b e d  f o r  t h e  
hollow tubes. 
The s e n s i t i v i t y  of t he  t echn ique ,  as f o r  any c o l l e c t i o n  t e c h n i q u e ,  i s  determined 
i n  p a r t  by t h e  s i z e  of the sample,  which in  turn depends on  sample  flow ra te ,  
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c o l l e c t i o n  time, a n d   c o l l e c t i o n   e f f i c i e n c y .   C o l l e c t i o n   e f f € c i e n c i e s   g r e a t e r   t h a n  
95 percent have been demonstrated,  and with commercially available NO, d e t e c t o r s ,  
d e t e c t i o n  limits of 1 t o  3 ng/sample ("0.1 ppbv f o r  2 0 - l i t e r  s a m p l e  a t  STP) have  been 
reported,   depending  upon  the  species.  It i s  e x p e c t e d   t h a t   t h e s e   d e t e c t i o n  limits 
could  be  improved  through  the use of  state-of-the-art  NOx d e t e c t o r s .  ( S e e  s e c t i o n  
e n t i t l e d  Chemiluminescence  Techniques.)  This  would  result i n  s h o r t e r  c o l l e c t i o n  
times and/or  measurements a t  lower ambient  levels  for the same sampling time. 
Cur ren t ly ,  fo r  on - l ine  ana lys i s ,  app rox ima te ly  12  minutes are requi red   to   comple te  
t h e  a n a l y s i s  f o r  f o u r  s p e c i e s .  C o l l e c t i o n  t u b e s  c a n  be sea l ed  and  ana lyzed  o f f - l i ne  
a t  a la ter  date .  
The major  disadvantage of  the tungst ic  acid technique i s  similar i n  n a t u r e  t o  
t h a t  of many other   a tmospheric   sampling  techniques,   namely  the  potent ia l   of  unknown 
in te rEerences   f rom  o ther   a tmospher ic  species. S t u d i e s  s t r o n g l y  s u g g e s t  a high  degree 
of s p e c i f i c i t y  t o  g a s e o u s  NH3 and HNO3 a n d  t h e  a b i l i t y  t o  i d e n t i f y  t h e  r e l a t i v e  
c o n t r i b u t i o n s  of t h e  ammonium a n d   n i t r a t e   a e r o s o l s .   L a b o r a t o r y   s t u d i e s ,   a l t h o u g h   n o t  
exhaus t ive ,   i nd ica t e   t ha t   a lky lamines  are the   on ly   s ign i f i can t   sou rce  of i n t e r f e r e n c e  
( o u t  of  approximately 20 compounds considered).   Another  disadvantage  of  the  tech- 
nique is  contamination of the   co l lec t ion   tubes .   Contaminat ion   or   po isoning   of   packed  
and hollow tubes has been identiEied as a spec i f i c  p rob lem (Braman e t  a l . ,  1982; 
McClenny e t  a l . ,  1982;  Harward e t  a l . ,  1982) .   Contaminat ion   resu l t s   in  a n e t  
d e c r e a s e   i n   t h e   c o l l e c t i o n   e f E i c i e n c y   a n d   c a n   o n l y  be r ecogn ized   v i a   ca l ib ra t ion .  No 
de f in i t e  s tud ie s  have  been  r epor t ed  to  quan t i fy  the  con tamina t ion  mechanism, but i t s  
po ten t i a l  impac t  on  measu remen t  in t e rp re t a t ion  c l ea r ly  r equ i r e s  f r equen t  ca l ib ra t ion .  
"_ Gas Chromatography.- Gas chromatography is  a f r e q u e n t l y   u s e d   a n a l y s i s   t o o l   f o r  
measurement  of trace gases   in   the  a tmosphere.   Depending upon t h e  column s e p a r a t i o n  
techniques  and  the  choice of d e t e c t i o n ,  i t  can  be a sens i t i ve  and  se l ec t ive  measu re -  
ment  approach. Gas ch romatography   u s ing   e l ec t ron   cap tu re   de t ec t ion   has   been   app l i ed  
t o  PAN detec t ion   in   the   a tmosphere   (S ingh   and   Sa las ,   1983a) .   Successfu l  PAN detec-  
t ion  us ing  gas  chromatography normal ly  requi res  a three-s tep procedure:  
1. Select ive  removal  of water from  the sample  
2 .  Cryogen ic  p reconcen t r a t ion  o f  t he  sample  p r io r  t o  ana lys i s  by e l e c t r o n  
capture  
3. Development  of a portable  cont inuous pr imary PAN c a l i b r a t i o n  s y s t e m  
PAN has  been  measured a t  concent ra t ions  of 5 pptv. A real-time e l e c t r o n  c a p t u r e  g a s  
chromatograph (EC-GC) in s t rumen t  has  been  f lown  in  the  f r ee  t roposphe re  to  an  
a l t i t u d e  of 8 km. The technique   has   been   tes ted   and   va l ida ted   wi th in   an   es t imated  
accu racy   o f   f20   pe rcen t .   I n   add i t ion ,  a continuous PAN ca l ib ra t ion   sys t em  has   been  
devised   (S ingh ,and  Salas, 1983b).  With  reEinement of the  technique  and  procedures ,  
l - p p t v  l e v e l s  of d e t e c t i o n  are f e a s i b l e .  
Assessment  of  Techniques 
I n  o r d e r  t o  summarize  and assess t h e  s t a t u s  of N,Oy measurement  techniques,   the 
workshop par t ic ipants  prepared  a series of t ab le s  (Tab le  V t o  XI> i n  w h i c h  t h e  s t a t u s  
a n d   c a p a b i l i t i e s  of t he   va r ious   t echn iques  were l i s t e d .   E a c h   t a b l e   e n t r y  w a s  
d i scussed  dur ing  the  workshop and  thus  represents  a consensus among t h e  p a r t i c i p a n t s .  
No at tempt  was made t o  compare or  rank  the  var ious  techniques  as t o  t h e i r  a p p l i c a b i l -  
i t y  to global   t ropospheric   measurements .  Ten in s t rumen t   o r   s t a tus   pa rame te r s  were 
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s e l e c t e d  as t h e  b a s i s  f o r  the assessment and are shown as column headings i n  the 
t a b l e s .  A t a b l e  w a s  g e n e r a t e d  f o r  each N,Oy species  for  which measurement  techniques 
were d iscussed .  An exp lana t ion  of t he  column headings   and   en t r ies  is given  below. 
S t a t u s  
F o u r   s t a t u s   c l a s s i f i c a t i o n s  were e s t a b l i s h e d .  Any t e c h n i q u e   i n  
the  concep t  s t age  and  no t  ye t  i nco rpora t ed  in to  in s t rumen t  
hardware was a s s i g n e d   s t a t u s  1. Techniques   for   which   ins t ru-  
ments existed and were i n  some form of l a b o r a t o r y  t e s t i n g  were 
a s s igned  s ta tus  2 (e.g. ,  benchtop or breadboard instruments).  
S t a t u s  3 t echniques  were those  judged  to  be  ready f o r  f i e l d  
t e s t i n g  o r  c u r r e n t l y  b e i n g  f i e l d  t e s t e d .  S t a t u s  3 does  not 
s i g n i f y  t h a t  a l l  l a b  t e s t i n g  is c o m p l e t e  o r  t h a t  f i e l d  tests 
h a v e   s t a r t e d .   T e c h n i q u e s   p r e v i o u s l y   u s e d   i n   t h e   f i e l d   t o  
g a t h e r   s c i e n t i f i c   d a t a  were a s s i g n e d   s t a t u s  4 .  S t a t u s  4 i s  
a n a l o g o u s  t o  a n  o p e r a t i o n a l  c l a s s i f i c a t i o n .  
In Situ/Remote 
Techniques were c l a s s i f i e d  as b e i n g  a p p l i c a b l e  t o  e i t h e r  a n  
i n  s i t u  o r  a remote sensor. 
S e n s i t i v i t v  a n d  T ime  Resolu t ion  
E n t r i e s   i n   t h e s e  two columns are r e l a t e d .   S e n s i t i v i t y  is t h e  
lowes t  de tec t ion  limit of the technique and unless  noted other-  
wise i s  a t  a s i g n a l - t o - n o i s e   r a t i o  of 2. Time r e s o l u t i o n  i s  
t h e  time period over  which the s ignal  is observed (or  averaged)  
i n  o r d e r  t o  a t t a i n  t h e  s t a t e d  s e n s i t i v i t y .  F o r  s t a t u s  2,  3 ,  
and 4 t e c h n i q u e s ,  t h e  s e n s i t i v i t y  e n t r y  i s  t h a t  f o r  t h e  e x i s t -  
i ng   i n s t rumen t .  An e n t r y   i n   p a r e n t h e s e s   ( i f  shown) i s  an 
a n t i c i p a t e d  s e n s i t i v i t y ,  a s s u m i n g  improvement  of known i n s t r u -  
ment  shortcomings.   For  status 1 t e c h n i q u e s ,   s e n s i t i v i t y   e i t h e r  
is l i s t e d  as TBD ( t o  be determined)  or  an estimate based on 
theo re t i ca l   and   concep tua l   ana lys i s  i s  g iven .   In   t he  time 
r e s o l u t i o n  column and  for   remote  techniques,   the   path  length 
f o r  wh ich  the  sens i t i v i ty  and  time r e s o l u t i o n  e n t r i e s  are 
a p p l i c a b l e  i s  shown i n  p a r e n t h e s e s .  
Accuracy 
Accuracy i s  the difference between the measured value and the 
" t rue"   va lue .  A s  w i l l  be d iscussed  l a t e r  i n  t h e  s e c t i o n  
e n t i t l e d  Measurement Va l ida t ion ,  " t rue"  va lue  is a d i f f i c u l t  
q u a n t i t y  t o  d e f i n e  a n d  w a r r a n t s  d i s c u s s i o n  i n  i t s e l f .  A TBD 
e n t r y  i m p l i e s  t ha t  t he  accu racy  of t he  t echn ique  i s  yet unspec- 
i f i e d .  
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P r e c i s i o n  
P r e c i s i o n  is a q u a n t i t y  t h a t  e x p r e s s e s  t h e  a b i l i t y  of a given 
technique  to  reproduce  i t s  own r e s u l t s  u n d e r  c o n d i t i o n s  of 
constant   concentrat ion  and  constant   environment .  It r e f l e c t s  
t h e  random e r r o r s  i n h e r e n t  i n  t h e  measurement  technique  and 
hence is concen t r a t ion  dependen t  ( i . e . ,  p rec i s ion  a t  a concen- 
t r a t i o n  level tw€ce t h e  d e t e c t i o n  limit of the  techn-ique i s  
d i f f e r e n t  t h a n  a t  a concent ra t ion  10 times t h e  d e t e c t i o n  
l i m i t ) .  P r e c i s i o n  v a l u e s  shown i n  t h e  t a b l e s  are fo r  concen t r a -  
t i o n s  100 times t h e  s t a t e d  s e n s i t i v i t y  of the  technique.  A TBD 
e n t r y  i n d i c a t e s  t h a t  t h e  p r e c i s i o n  of the techn€que i s  y e t  
unspecif  €ed. 
I n t e r f e r e n c e s  
L i s t e d  h e r e  are' s u c h  p o s s i b i l i t i e s  as spec ies ,  p rocesses ,  and  
env i ronmen ta l  cond i t ions  wh ich  cause  a r t i f ac t s ,  pos i t i ve  o r  
nega t ive  compe t ing  ou tpu t  s igna l s ,  o r  mi s in t e rp re t a t ion  of 
r e s u l t s .  A "none known" e n t r y  is i n t e r p r e t e d   t o  mean 
1. 
2. 
3 .  
T h a t  s t u d i e s  t o  d a t e  h a v e  r e v e a l e d  n o  m a j o r  i n t e r f e r  
ences 
T h a t  s t u d i e s  t o  d a t e  of  expec ted  in te r fe rences  have  
shown these  no t  t o  be a major  problem in  r educ ing  the  
d a t a  
Tha t  t heo re t i ca l  cons ide ra t ions  sugges t  no s i g n i r i c a n t  
i n t e r f e r e n c e s  e x i s t  
It should  be  noted  that  one  can  never  be  confident  that  a tech- 
nique i s  c o m p l e t e l y   i n t e r f e r e n c e   f r e e .  One  can  only  evaluate  
the   t echnique  €or known o r   s u s p e c t   i n t e r f e r e n c e s .  Thus a 
"none"  entry is  n o t   u s e d   i n   t h e   t a b l e s .  The TBD e n t r y   s i g n i -  
f i e s  t h a t  i n t e r f e r e n c e  s t u d i e s  o r  c o n s i d e r a t i o n s  h a v e  n o t  y e t  
been performed. 
C a l i b r a t i o n  
Tab le  en t r i e s  i nd ica t e  the  lowes t  concen t r a t ions  a t  which t e s t  
gas  mixtures  have  been  prepared  for  purposes O E  technique Cali- 
bra t ion .  An "NA" e n t r y   h a s   e v e r a l   i n t e r p r e t a t i o n s .   F o r  a 
remote-sensing  technique i t  impl ies   "not   appropr ia te . "   For  a 
s t a t u s  1 o r  2 technique i t  impl ies   "not   ava i lab le"  as a r e s u l t  
of no t   ye t   be ing  a t  t h a t  s t a g e  of  development.  For a s t a t u s  3 
o r  4 technique,  i t  impl ies   "not   ava i lab le"  as a r e s u l t  of t h e  
absence of r e l i a b l e   s t a n d a r d s   o r   t h e   f a c t   t h a t   t h e   t e c h n i q u e  i s  
not  amenable  to  ca l ibra t ion  wi th  gas  mixtures .  
"~ Environmental . C o n s t r a i n t s  
T h i s  column iden t i f i e s  t hose  env i ronmen ta l  cond i t ions  wh ich  
present   opera t iona l   p roblems  for   the   t echnique .   Envi ronmenta l  
c o n s t r a i n t s  d i f f e r  f r o m  i n t e r f e r e n c e s  i n  t h a t  t h e y  e i t h e r  limit 
o r  i n v a l i d a t e  t h e  a p p l i c a b i l i t y  of the   t echnique ,   o r   change   the  
b a s e l i n e  s e n s i t i v i t y ,  c a l i b r a t i o n ,  a c c u r a c y ,  o r  p r e c i s i o n  of 
the  technique.  
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Pla t fo rm Usage 
Techniques were c o n s i d e r e d  f o r  a p p l i c a b i l i t y  t o  s a m p l i n g  on t h e  
ground,   aboard  ships ,   or   f rom an a i r c r a f t .  An "all" e n t r y  
i m p l i e s  t h a t  t h e  t e c h n i q u e  i s  s u i t a b l e  f o r  a l l  th ree  app l i ca -  
t i o n s .  A technique  need  not   have  been  operated  or   designed  for  
a l l  t h r e e  a p p l i c a t i o n s  i n  o r d e r  t o  be des igna ted  as "al l ."  
Comment 
This  column i s  used  to  p re sen t  add i t iona l  i n fo rma t ion  abou t  t he  
technique  which  could  not be included under one of the  genera l  
columns. 
T a b l e  V - Assessment  of NO Techniques 
Environ-  
In s i t u /   S e n s i -  Time r a c y ,  s i o n ,  I n t e r -  Cali-  con-  form 
Accu- P r e c i -   m e n t a l   P l a t -  
Techn ique   S t a tus   r emote  t i v i t y   r e s o l u t i o n   p e r c e n t   p e r c e n t   f e r e n c e s   b r a t i o n  s t t a i n t s  u sage  Comment 
Chemilumi- 4 I n  s i t u  5 pp tv  1 s e c  15 5 Terpenes ,  7 p p t v  Water A l l  S e n s i t i v i t y  
nescence  e t h y l e n e  vapor  i s  depen- 
d e n t  on 
w a t e r  v a p o r  
concen- 
p r e s e n t .  
t r a t i o n  
Single-pho-  4 I n  situ 240 ( 6 0 )  1 s e c   1 5  10 White 20 p p t v  All 
t o n   l a s e r -  P P t V  f l u o r e s -  
induced 30 (8) 1 min cence  
f l u o r e s -  PPtV 
cence 4 (1) 1 h r  
PPtV 
Two-photon 2 I n  s i t u  36 pp tv  1 sec 15 2 TBD 400 p p t v  A l l  
l a s e r -   4 . 5   p p t v  1 min 
induced  0.6 pp tv  I h r  
f l u o r e s -  
cence  
L i d a r  3 Remote 10 pp tv  (0.1 km) 15 2 S o l a r   f l u x ,  NA Clouds,  A l l  L a s e r  
l a s e r -  1 s e c   w h i t  e heavy  aero-  
i nduced  
ene rgy  o f  
f l u o r e s -  3 p p t v  ( 8  km) n o i s e   t e m p e r a t u r e  226 nm 
cence  changes 
Tunable- 3 I n  s i t u  2.4 ppbv 1 s e c  10 5 
d i o d e  
None 6 ppbv  Temperature A l l  
known 
l a s e r  PPbV 
Resonant-  2 I n  s i t u  10 (1) I s e c  TBD  TBD TBD NA Temperature  A l l  Technology 
ion l a s e r  PPbV changes   l imi t ed   due  
t o  n e e d  f o r  
t u n a b l e  W 
l a s e r   w i t h  
more ene rgy .  
5 pp tv  ( 4  km) f l u o r e s c e n t   s o l   l o a d i n g ,  = 1  mJ a t  
300 ( 3 0 )  1 min changes 
Long-path 4 Remote 100 pp tv  5 min 20 5 None NA Heavy  aero-  Ground 
UV absorp-  (1 km) known 
t i o n  
Note:  A l l  concen t r a t ions   measu red  by volume. 
s o l  l o a d i n g  
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Table  V I  - Assessment of NO2 Techniques  
Accu- P r e c i -  
Envi ron-  
m e n t a l   P l a t -  
In s i t u /   S e n s i - Time r a c y ,  sion, I n t e r -  Cali- con- form 
T e c h n i q u e   S t a t u s   r e m o t e   t i v i t y   r e s o l u t i o n   p e r c e n t   p e r c e n t   f e r e n c e s   b r a t i o n   s t r a i n t s   u s a g e  Comment - ~~~ ~ ~ ~~~ " " 
Chemilumi- 4 In s i t u  10 p p t v  1 sec 30 5 Conver t e r   25   pp tv  . Water A l l  ( b )  
nescence   dependenta   vapor  
P h o t o f r a g -  2 In s i t u  96 pptv  1 sec 15 5 TBD 4 pp tv   Tempera tu re  A l l  Lase r   ene rgy  
m e n t a t i o n  12 p p t v  1 min changes   and   r epe t i -  
l a s e r -  1 PPtV 1 h r   t i o n  rate 
i n d u c e d   a r e   l i m i t i n g  
f l u o r e s -   c u r r e n t  
cence   t echno logy .  
~ 
M u l t i -  1 I n  s i t u  1 p p t v  1 sec RN02 NA Tempera ture  A l l  W laser 
photon 
i o n i z a t i o n  
changes   energy   and  
r e p e t i t i o n  
r a t e  are 
l i m i t i n g  
c u r r e n t  
technology.  
Tunable- 3 In s i t u  300 p p t v  1 min 10 5  None 10 pp tv   Tempera tu re  A l l  
d i o d e   l a s e r  known changes 
Long-path IN 4 Remote 100 pptv  1 min 20 5 
a b s o r p t i o n  
None NA Heavy a e r o -  Ground P a t h   l e n g t h  
known s o l  load ing ,  is l i m i t e d  
high  03  con- by v i s i b i l -  
c e n t r a t i o n s   i t y ,   a e r o s o l  
l o a d i n g ,   a n d  
ozone  con- 
c e n t r a t i o n .  
( 1  km) 
Photo- 
t h e r m a l  
I )  photo- 
a c o u s t i c  
2 )  r e s o n a n t -  
c e l l  p h o t o -  
3 )  Zeeman 
a c o u s t i c  
modulated 
In s i t u  TBD Tempera ture  
2 200 p p t v  1 sec 5 Hz0 1 ppbv A l l  CO l a s e r  
changes  
2 
(1 -5   pp tv )   ae roso l s  
(1 -5   pp tv )   (1 -100   s ec )   ae roso l s  
200 pptv  100 s e c  5 NO3, 0 3  1 ppbv Ground A r  l a s e r  
1 TED None NA 
known 
A l l  CO l a s e r  
aN02 d e t e c t i o n  is v i a   t h e r m a l ,   c h e m i c a l ,   o r   p h o t o d i s s o c i a t i o n  of NO2 t o  NO. 
b S e n s i t i v i t y  i s  dependent on w a t e r   v a p o r   c o n c e n t r a t i o n   p r e s e n t .   C o n v e r t e r s   m y   c o n v e r t  some N2O5 o r  PAN, t h u s  
p r o d u c i n g  a r t i f a c t s  or i n t e r f e r e n c e s .  
Note: A l l  concen t r a t ions   measu red  by volume. 
Table  V I 1  - Assessment  of NO3 Techniques  
En v i  ron- 
I Accu- P r e c i -  
In s i t u /   S e n s i -  Time r a c y ,  sion. I n t e r -  Cali- con-  form 
m e n t a l   P l a t -  
T e c h n i q u e   S t a t u s   r e m o t e   t i v i t y   r e s o l u t i o n   p e r c e n t   p e r c e n t   f e r e n c e s   b r a t i o n   s t r a i n t s   u a g e  Comment 
P h o t o f r a g -  1 I n  s i t u  22 pptv  1 s e c  TBD 10 TBD 
m e n t a t i o n  3 PPtV 
NA Tempera ture  A l l  Laser r e p e t i -  
1 min 
laser- 
induced  
f l u o r e s -  
cence 
Long-path 4 Remote 1 pptv  5 min 30 
W absorp-  
5  None NA Water vapor ,   Ground  Path  length 
t ion 
changes  
0.3 pptv  1 h r  
t i o n  r a t e  
l i m i t s   c u r r e n t  
technology.  
(10 km) known heavy  aero-  is l i m i t e d  by 
sol l o a d i n g  
a e r o s o l   l o a d i n g .  
v i s i b i l i t y  a n d  
Note: A l l  concen t r a t ions   measu red  by volume. 
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Table VI11 -Assessment of NO3- Aerosol  Techniques 
Environ- 
Accu- P rec i -   men ta l   P l a t -  
In s i t u /   S e n s i -  Time r a c y ,   s i o n   I n t e r -  Cali- con-  form 
T e c h n i q u e   S t a t u s   r e m o t e   t i v i t y   r e s o l u t i o n   p e r c e n t   p e r c e n t   f e r e n c e s   b r a t i o n   s t r a i n t s   u s a g e  Comment 
F i l t e r  4 In s i t u  4 pptv 1 h r  30 10 HNO3 NA Heavy A l l  
H2S04 a e r o s o l  
l o a d i n g  
Tungs t i c  3 In s i t u  70 (10) 20 d n  20 10 TBD NA A l l  Ana lys i s  
a c i d  PPtV r e q u i r e s  
10-20 min. 
Note: A l l  concen t r a t ions  measured by volume. 
Table I X  - Assessment of HN02  Techniques 
I 
Accu- P rec i -  
Environ- 
menta l   P la t -  
In s i t u /   S e n s i -  Time r acy ,  s ion ,  I n t e r -  Cali- con-  form 
Techn ique   S t a tus   r emote   t i v i ty   r e so lu t ion   pe rcen t   pe rcen t   f e r ences   b ra t ion   s t r a in t s   u sage  Comment 
Photofrag- 1 I n  s i t u  112  pptv 1 s e c  TBD 10 TBD 
mentat ion 
NA Temperature A l l  Lase r   r pe t i -  
l a s e r  
induced 
f luores-  
cence 
14 pptv 1 min c h a n g e s   t i o n   r a t e  
2 pptv 1 h r   l i m i t s   c u r e n t  
technology. 
Long-path 4 Remote  20 pptv 10 d n  20 
W absorp- 
5 None NA V i s i b i l i t y ,  Ground Pa th   l ength  
(10 km) known heavy  aero- is l imi t ed  by 
sol l o a d i n g   v i s i b i l i t y  and 
aerosol   loading .  
Condensa- 4 I n  s i t u  15 pptv 1 h r  TBD 5 PAN NA Temperature A l l  Cannot d i s t i n -  
guish hydroly-  
sis  products .  
changes, 
heavy 
p o l l u t i o n  
Note: A l l  concen t r a t ions  measured by volume. 
Table X - Assessment of HN03  Techniques 
Environ- 
Accu- Preci-   mental   Plat-  
In s i t u /   S e n s i - Time racy ,  sion, I n t e r -   C a l i -  con-  form 
Techn ique   S t a tus   r emote   t i v i ty   r e so lu t ion   pe rcen t   pe rcen t   f e r ences   b ra t ion   s t r a in t s   u sage  Comment 
Cheudlumi- 4 I n  s i t u  200  pptv 10 sec TED  TBD  TBD NA A 1  1 
nescence 
Tunable- 3 In s i t u  3 ppbv 1 sec 10 5 
diode  (240  pptv) known 
None 6 pptv  Temperature A l l  
laser 
changes, 
heavy  aero- 
sol l oad ing  
300 (30) 1 min 
PPtV 
F i l t e r  4 I n   s i t u  2 pptv 1 h r  30 2 NH4N03, 15  pptv Heavy A 1  1 
N205 
a e r o s o l s ,   a e r o s o l  
l oad ing  
Condensa- 4 In s i t u  20 pptv 1 h r  TBD 5 Aerosols ,  NA Temperature A l l  
t ion aqueous- 
phase 
changes, 
heavy aero- 
r e a c t i o n s  s o l  l oad ing  
Four i e r  4 In s i t u  10 ppbv 1 d n  20 5 None NA Temperature A l l  
t r ans fo rm 
I R  
knovn changes, 
heavy aero- 
sol l oad ing  
Tungst ic  3 I n   s i t u  70 (IO) 20 min 20 10 TBD NA 
a c i d  
A l l  Analysis  
PPtV r e q u i r e s  
10-20 min. 
Note: A l l  concen t r a t ions  measured by volume. 
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Table X I  - Assessment  of PAN Techniques 
Environ- 
Accu- Preci-  mental Plat- 
Technique  Statue  remote t ivity  resolution  percent   percent   ferences  bration  straints   usage Comment 
In   s i tu /   Se s i -  Time racy, sion. Inter-  Cali- con- form 
Chemilumi- 2 In s i t u  TBD TBD TBD TBD NO, NA 
nescence N02. 
N2° 5 
A l l  S e l e c t i v i t y  
of PAN con- 
verter mst 
be verif ied.  
Fourier 4 In s i t u  1 ppbv 10 sec 25 10 TBD NA A l l  
IR 
transform 100-m path 
Gas chroma- 2 In s i t u  5 pptv I min 15 15 TBD 40 ppbv A l l  
tography 
Note: A l l  concentrations treasured by volume. 
Cur ren t  Capab i l i t i e s  Ver sus  Measurement Requirements 
This  sec t ion  summar izes  the  cur ren t  s ta tus  of  measurement c a p a b i l i t i e s  f o r  N 0 
s p e c i e s  r e l a t i v e  t o  r e q u i r e d  measurement  needs.  Several  assumptions are made i n  
terms of t h e  measurement  requirements  (Table I) and  anticipated  measurement 
s cena r ios .  
X Y  
2. Measurement s c e n a r i o s  are f o r  t h e  s c i e n t i f i c  p u r p o s e s  of ob ta in ing  quas i -  
equ i l ib r ium concen t r a t ions  as a f u n c t i o n  of l o c a t i o n  a n d  a l t i t u d e  i n  the t roposphere .  
A s  such, two f l i g h t  s c e n a r i o s  are considered: 
( a )  C o n s t a n t  a l t i t u d e  a t  400 km/hr t o  o b t a i n  h o r i z o n t a l  spa t i a l  r e s o l u t i o n  
( b )  C o n s t a n t  a s c e n t  o r  d e s c e n t  f l i g h t s  a t  150 m/min f o r  v e r t i c a l  s p a t i a l  
r e s o l u t i o n  
3. S c i e n t i f i c  s c e n a r i o s  f o r  f l u x  measurements and/or chemical kinetics are not  
considered.  Measurement  requirements  in terms of time response  and/or   accuracy are 
more s t r ingen t  t han  those  used  to  ob ta in  quas i - equ i l ib r ium concen t r a t ions .  
4 .  Five  independent  samples o r  "averages" are r e q u i r e d  t o  d e f i n e  a s p e c i e s  con- 
c e n t r a t i o n  a t  a g iven  loca t ion  in  the  t roposphe re .  
NO De tec t ion  
Based on the guidel ines  of  Table  I and the assumptions above, NO must  be 
measured a t  the  pp tv  l eve l  w i th  a h o r i z o n t a l  time response of approximately 6 minutes 
and a v e r t i c a l  r e s p o n s e  of  approximately 20 seconds. A s  shown i n  T a b l e  V, there are 
a number of techniques  which  can meet these requirements ,  assuming they are developed 
t o  t h e i r  p o t e n t i a l  a n d  f u n c t i o n  as s t a t e d .  Most of t hese  t echn iques  are well 
advanced i n  t h e i r  development   (s ta tus  3 or 4 i n  T a b l e  V). The NO techniques  con- 
s ide red  shou ld  p rov ide  ample  measurement c a p a b i l i t i e s  t o  meet g l o b a l  NO measurement 
requirements.  
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NO2 Detec t ion  
NO2 measurement  requirements are i d e n t i c a l  t o  t h o s e  f o r  NO (pptv  leve l ,  G-minute  
o r  20-second  response). A s  shown i n  T a b l e  V I .  only a few meet these requirements.  
Of these,   only  chemiluminescence i s  s t a t u s  4 .  A s  d iscussed  earlier,  t h i s   t e c h n i q u e  
r e q u i r e s   t h e   u s e  of N02-NO converters  and  multimode  measurement  cycles. It can  be 
concluded  tha t  a l though severa l  t echniques  w i l l  p o t e n t i a l l y  be d e v e l o p e d  t o  t h e  l e v e l  
of  performance  required,  a proven NO2 technique i s  n o t  c u r r e n t l y  a v a i l a b l e  t o  meet 
t h e  20-second  response   charac te r i s t ic   for   ver t ica l   measurements .   Cont inua l   deve lop-  
ment  of those  techniques  in  Table  V I  s h o u l d  r e s u l t  i n  a n  NO2 t e c h n i q u e  s u i t a b l e  f o r  
g loba l  moni tor ing .  
NO3 Detec t ion  
A s  shown i n   T a b l e   V I I ,   o n l y  two techniques are be ing   cons idered   for  NO3. 'One, a 
s t a t u s  4 technique,  i s  a remote sensor  requir ing a 10-km p a t h  l e n g t h  f o r  p p t v  l e v e l  
de t ec t ion   and  i s  n o t   s u i t a b l e   f o r   a i r c r a f t   a p p l i c a t i o n s .  The second i s  s t a t u s  1 and 
as such is  only a concept .   Clear ly   an  NO3 de t ec t ion   t echn ique  i s  n o t  a v a i l a b l e  f o r  
g loba l  t roposphe r i c  app l i ca t ions  and  few are  be ing  ac t ive ly  deve loped .  
NO3 Aerosols  
- 
Only two techniques are a v a i l a b l e   f o r  NO3 a e r o s o l  measurement.  (See 
Table VIII.) Although  they are advanced i n  t h e i r  development  program  (status 3 
and 4 ) ,  both are ind i r ec t   t echn iques ,   r equ i r ing   co l l ec t ion   s ampl ing   and   subsequen t  
chemical   analysis .   Both,  by t h e i r   n a t u r e ,  w i l l  exper ience   shor tcomings   in   the   a rea  
o f   i n t e r f e rences .   Cur ren t ly ,   ne i the r   can   be   cons ide red   ope ra t iona l  a t  d e t e c t i o n  
l e v e l s  r e q u i r e d  by g l o b a l  t r o p o s p h e r i c  s a m p l i n g ,  b u t  w i t h  a d d i t i o n a l  f i e l d  t e s t i n g  
both  may be proven adequate for global measurement needs.  
- 
HNO2 Detec t ion  
Of the  three  techniques  considered  (Table   IX),  two are s t a t u s  4 ,  but   ne i ther   can  
meet measurement  requirements. The ground-based  long-path W a b s o r p t i o n  is  a remote 
s e n s o r  w i t h  t h e  10-km p a t h  l e n g t h  r e q u i r e d  t o  r e a c h  20 p p t v  l e v e l s .  The condensation 
technique   requi res  a 1-hour   reso lu t ion   ( for  15 pptv)  and  cannot be c a l i b r a t e d  i n  t h e  
p re sen t   con f igu ra t ion .  The s t a t u s  1 technique is only a concept  and i s  thus   no t   ye t  
i n  a f e a s i b l e  d e s i g n  s t a g e .  A measurement t e c h n i q u e  d o e s  n o t  e x i s t  f o r  HN02 ,  n o r  
does i t  appear  that  one w i l l  su r f ace  in  the  nea r  fu tu re  wi thou t  add i t iona l  emphas i s  
by a s c i e n t i f i c  need. 
HNO3 Detec t ion  
A s  i l l u s t r a t e d  i n  T a b l e  X,  HN03 measurement  requirements are somewhat d i f f e r e n t .  
Detec t ion  a t  t h e  p p t v  l e v e l s  is  required,   but  on a ho r i zon ta l  spa t i a l  r e sponse  o f  
approximately 15 minutes  and a ver t ica l   response   o f   approximate ly  1-1/2  minutes. A s  
shown i n  t h e  t a b l e ,  s i x  d i f f e r e n t  t e c h n i q u e s  ( a l l  s t a t u s  3 and 4 )  are a v a i l a b l e  f o r  
HN03 measurements. Of these ,   on ly   the  two s t a t u s  3 techniques  ( tunable-diode laser 
a n d   t u n g s t i c   a c i d )  show p romise   fo r   g loba l   t roposphe r i c   app l i ca t ions .   Bo th   r equ i r e  
more h a r d w a r e  a n d  f i e l d  t e s t i n g  b e f o r e  t h e i r  c a p a b i l i t i e s  c a n  b e  d e f i n e d .  
PAN Detec t ion  
Although  three  techniques  (Table  X I )  are a v a i l a b l e  f o r  c o n s i d e r a t i o n ,  o n l y  two 
have   pp tv   de t ec t ion   capab i l i t i e s .  A PAN-specific NO converter   (chemiluminescent)  
does   no t   cur ren t ly  exis t ,  a l though i t  i s  f e a s i b l e   i n   p r i n c i p l e .   T h i s  method has   t he  
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p o t e n t i a l   a d v a n t a g e  of  providing  continuous real-time measurements. The e l e c t r o n -  
capture  gas  chromatograph (EC-GC) real-time technique is  fu r the r  a long  in  deve lopmen t  
a n d  h a s  b e e n  s u c c e s s f u l l y  t e s t e d  t o  8-km a l t i t u d e s .  
Table X I 1  summarizes  the expected t imetable  for  NxOy species  measurement  capa- 
b i l i t i e s .  Time per iods  are somewhat s p e c u l a t i v e ,   b u t  are estimates based on e x i s t i n g  
technology,  program funding  to  do  ins t rument  deve lopment ,  and  an t ic ipa ted  sc ien t i f ic  
“ p r e s s u r e “  f o r  a given  species  measurement.  Many of t h e  s t a t u s  1 and 2 techniques  
and  even some s t a t u s  3 and 4 techniques are low-key a c t i v i t i e s  s u p p o r t e d  by i n s t i t u -  
t i o n a l   f u n d s .   I n   t h e s e  cases, fur ther   development  w i l l  be   s low  (or   nonexis tent)  
w i t h o u t  d e f i n i t i o n  of definable programmatic needs and funding. 
Table XI1 - Projected  Timetable  for  Development  of 
N 0 Measurement Techniques 
X Y  
J 
J 
J 
I  NO^- a e r o s o l  J 
HNOZ 
HNo3 
PAN 
HN04 
N2°5 
J 
J 
J 
J 
J 
aClass I - Technique   ex is t ing  and development  funded,   avai lable  
bClass I1 - S u f f i c i e n t  s c i e n t i f i c  need  (general  community), some 
now or i n  1984. 
funding ,   ava i lab le  by 1986. 
CClass  I11 - Sc ient i f i c   need   no t   s t rong ly   emphas ized ,  l i t t l e  
direct   funding (some i n s t i t u t i o n a l   s u p p o r t ) ,   a v a i l a b l e  by 1986 
o n l y   i f   e m p h a s i s   i n c r e a s e d .  
dClass I V  - No technique  being  act ively  pursued.  
Technology  Required To Improve Current  Capabi l i t ies  
For   the  techniques  of   t race-gas   detect ion  of  N 0 which  have  already  been 
success fu l ly   imp lemen ted   i n   t he   f i e ld ,  methods t o  improve   the   cur ren t   ins t rumenta t ion  
technology  have  been  ident i f ied.   These  improvements ,   i f   successful ly   implemented,  
would r e s u l t   i n   a d v a n c e s   i n   t h e   c u r r e n t   i n s t r u m e n t a t i o n   t e c h n o l o g y .  In t he   fo l lowing  
sect ions,   these  suggested  improvements  are l i s t e d  f o r  t h e  c u r r e n t  f i e l d  t e c h n i q u e s  
( s t a t u s  3 o r  4 i n  t h e  a s s e s s m e n t  t a b l e s ) .  
X Y  
NO-O3 Chemiluminescence 
The NO-03 chemiluminescence  technique  would  be  improved by a redesign of  the 
photon   co l lec t ion   and   de tec t ion   sys tems.  The p h o t o n   c o l l e c t i o n   e f f i c i e n c y  is  d e t e r -  
mined by t h e  r e a c t i o n  volume des ign  and  the  photon  de tec t ion  e f f ic iency  is  determined 
by t h e   c h o i c e   o f   i n t e r f e r e n c e   f i l t e r   a n d   p h o t o m u l t i p l i e r   t u b e .  The i d e n t i f i c a t i o n  
and  e l imina t ion  of t h e  b a c k g r o u n d  s i g n a l  a n d  t h e  r e d u c t i o n  i n  s i g n a l  i n t e g r a t i o n  time 
w i l l  d i r e c t l y  improve  the  s ignal- to-noise   ra t io .  
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I n  t h e  d e t e c t i o n  of o t h e r  s p e c i e s  ( p r i n c i p a l l y  NO2 and HN03), improvements i n  
the   convers ion   processes  are p o s s i b l e .  I n  t h e  p h o t o d i s s o c i a t i o n  of NO2, an  improved 
UV lamp output   would   increase   convers ion   e f f ic iency .  An in te rcompar ison  among the 
pho to ly t i c ,  py ro ly t i c ,  ca t a ly t i c ,  and  denuder - tube  conve r s ion  t echn iques  w i l l  assist 
i n  v a l i d a t i n g  t h e s e  t e c h n i q u e s .  R e s e a r c h  on a l l  c o n v e r t e r s  w i l l  i d e n t i f y  i n t e r f e r i n g  
s p e c i e s ,  i f  any. 
Single-Photon Laser-Induced Fluorescence (SP-LIF) 
The technique of SP-LIF f o r  d e t e c t i o n  of NO w i l l  benefit from improvements i n  
laser technology. A laser t h a t  can  provide  higher   energy  per   pulse  ( - 4  mJ cm-2 a t  
226 nm) and a t  a h i g h e r  r e p e t i t i o n  rate w i l l  i m p r o v e  t h e  s i g n a l  i n  t h i s  t e c h n i q u e .  
The current  development of a two-photon  laser-induced  f luorescence  technique w i l l  
s i g n i f i c a n t l y  improve  the  de tec t ion  s igna l - to-noise  ra t io  over  the  SP-LIF technique. 
Tunable-Diode  Laser (TDL) 
Tunable-diode laser d e t e c t i o n  of NO, N02, and HN03 w i l l  be improved by inc reased  
diode laser power  and by  new diode lasers t h a t  h a v e  i n c r e a s e d  s t a b i l i t y  a n d  r e l i a b i l -  
i t y .   E f f i c i e n t   r e f r i g e r a t i o n   t e c h n i q u e s   s u i t a b l e   f o r   f i e l d   u s e   a r e   d e s i r a b l e .  A 
redes ign  of TDL op t i ca l  sys t ems  to  r educe  op t i ca l  no i se  due  to  e t a lon  e f f ec t s  w i l l  
improve  the  sys tem s igna l - to-noise  ra t io  s ign i f icant ly .  
Long-Path Absorption 
The technique of long-path W and v i s i b l e  a b s o r p t i o n  f o r  t h e  d e t e c t i o n  of NO,  
NO2, HN02, and NO3 w i l l  be  improved by i n c r e a s i n g  t h e  l i g h t  s o u r c e  i n t e n s i t y .  
I n c r e a s e d  i n t e n s i t y  w i l l  a l low a l o n g e r  p a t h  l e n g t h  t o  be   used .   In   addi t ion ,   l a rger  
o p t i c s ,  i n c l u d i n g  t h e  f i e l d  a n d  r e c e i v i n g  m i r r o r s ,  w i l l  improve  the  absorpt ion 
s i g n a l .  Improvement i n   t h e   a c c u r a c y  of independent  measurements of species   absorp-  
t i o n  c o e f f i c i e n t s  w i l l  d i r e c t l y  improve  the  accuracy of the  long-path  technique. 
F i l t e r  
The f i l t e r  t e c h n i q u e  f o r  t h e  d e t e c t i o n  of HN03 and NO3 a e r o s o l s  w i l l  be 
- 
improved by increased   ion   chromatography  sens i t iv i ty .   Improved   sens i t iv i ty  w i l l  
s h o r t e n   f i l t e r   i n t e g r a t i o n   t i m e   s i g n i f i c a n t l y .   F o r  HNO3 detect ion,   improvements   in  
HN03 permeation  devices w i l l  dec rease  the  p re sen t  20 -pe rcen t  unce r t a in ty  in  the  
f i l t e r  technique. 
Condensation 
The condensation technique for the measurement of HN03 and HN02 w i l l  be d i r e c t l y  
improved by advances i n  t h e  s e n s i t i v i t y  of ion  chromatography. The technique w i l l  
a l s o  be improved by a redevelopment  to  provide thermoelectr ic  cool ing and increased 
automation. A flow-through  system w i l l  a l l o w   d i r e c t   c a l i b r a t i o n ,   i n c r e a s e   s a m p l e  
ra te ,  and e l u c i d a t e  t h e  c o n t r i b u t i o n  of i n t e r f e r e n c e s .  
Gas Chromatography 
The technique  of PAN de tec t ion  wi th  gas  chromatography and  an  e lec t ron  capture  
d e t e c t o r  w i l l  be  improved by a more rugged  ins t rument  des ign  for  f ie ld  use  and  a more 
r e l i a b l e  c a l i b r a t i o n  method. I n   a d d i t i o n ,   m o d i f i c a t i o n s  may be r e q u i r e d   t o  match 
t h e  dynamic  range of t h e  d e t e c t i o n  s y s t e m  t o  t h a t  of PAN c o n c e n t r a t i o n  i n  t h e  
troposphere.  
4 2  
Other Techniques 
The two r e m a i n i n g  s t a t u s  4 t echn iques ,  l i da r ,  l a se r - induced  f luo rescence  and  
Four i e r  t r ans fo rm in f r a red ,  are both  remote  sensors,   and as such  any  improvement i n  
l i g h t  s o u r c e  i n t e n s i t y  a n d  o p t i c a l  r e c e i v e r  e f f i c i e n c y  w i l l  r e s u l t  i n  b e t t e r  d e t e c -  
t i o n  levels. The l i d a r   t e c h n i q u e  i s  cu r ren t ly   be ing   eva lua ted   i n   an   eng inee r ing  
f l i g h t  program  from  which  potential  instrument  improvements w i l l  be  defined. The 
Fourier  t ransform infrared technique,  which s t i l l  can be improved, i s  n o t  b e l f e v e d  t o  
h a v e  s u f f i c i e n t  s e n s i t i v i t y  f o r  g l o b a l  t r o p o s p h e r i c  ( c l e a n )  c o n c e n t r a t i o n s .  
FUTURE  INSTRUMENT NEEDS 
Nonex i s t en t  o r  Inadequa te  Capab i l i t y  
Of t h e  NxOy spec ies   cons idered  by the workshop (NO,  NO2, NO3,  NO3 a e r o s o l ,  
HNO2, HN03, €€NO4, PAN, and N 2 O 5 > ,  only two s p e c i e s ,  HNO4 and N2O5, were i d e n t i F € e d  as 
having  nonexis tent   measurement   capabi l i t ies .  It was the  consensus  that   measurement 
t e c h n i q u e s  f o r  t h e s e  two species ,  which could be used onboard aircraf t  making "clean" 
t ropospheric  concentrat ion measurements ,  are n o t  a v a i l a b l e  i n  e i t h e r  a developmental  
o r  a concep tua l  s t a tus .  The p r io r i ty  fo r  deve lop ing  in s t rumen t s  t o  measu re  HNO4 and 
N 2 0 5  as w e l l  as o t h e r  N,Oy species was not  considered by the workshop and should be 
based on the  impor tance  g iven  to  these  molecules  by the atmospheric modeling commu- 
n i t y .   F o r   t h e   o t h e r  NxOy species considered,  i t  was Felt t ha t   t echn iques   d i scussed  
a t  the  workshop had  the  poten t ia l  to  meet global  t ropospheric  measurement  needs,  
assuming  that   techniques  could be d e v e l o p e d  t o  t h e i r  a n t i c i p a t e d  f u l l  p o t e n t i a l  a n d  
v e r i f i e d   t h r o u g h   f i e l d   t e s t i n g .   F i e l d   i n t e r c o m p a r i s o n  tests were h i g h l y  recommended 
as a v e h i c l e  t o  a c c o m p l i s h  v e r i f i c a t i o n .  
- 
It was a l s o  a consensus   tha t   a l though  techniques   for  N02, H N 0 3 ,  PAN, and NO3 
a e r o s o l  are no t  cu r ren t ly  adequa te ,  w i th in  the  nea r  fu tu re  these  w i l l  be developed t o  
an   adequa te   capab i l i t y .  The c u r r e n t   s t a g e  of   development   of   inst ruments   for   these 
spec ies  and  pressure  f rom the  sc ien t i f ic  community w i l l  provide  an  emphasis  to com- 
p l e t e   deve lopmen t   and   t e s t ing  of the instruments.   Concern was v o i c e d   t h a t   f o r  
spec ies  such  as NO3 and FINO2, measurement  techniques w i l l  not   be   developed  to  a l e v e l  
adequa te   t o  meet g loba l   t ropospher ic   needs .  I n  t h e s e  cases, a l though a few  tech- 
n i q u e s  e x i s t  i n  some s t a g e  of development, more programmatic   interest   and  support  
w i l l  have to  occur  before  these and yet- to-be considered ideas  w i l l  advance. 
- 
An add i t iona l  conce rn  d i scussed  a t  the  workshop was t h a t  f o r  most s p e c i e s  ( w i t h  
t h e  e x c e p t i o n  of NO and NO2), only a few concepts are being developed which meet 
global   monitor ing  needs.   Since  each  technique,   whether  a d i r e c t   o r   i n d i r e c t   m e a s u r e -  
ment  of t h e  s p e c i e s ,  h a s  s y s t e m a t i c  e r r o r s  w h i c h  are d i f f i c u l t  t o  i d e n t i f y  a n d  
q u a n t i f y  a t  t h e  low concent ra t ions  of i n t e r e s t ,  some cons ide ra t ion  shou ld  be g i v e n  t o  
deve loping   d i f fe ren t   measurement   concepts .   Measurement   ( f ie ld   o r   in te rcompar ison  
s t u d i e s )  of a s p e c i e s  w i t h  t e c h n i q u e s  u s i n g  d i f f e r e n t  c o n c e p t s  ( a n d  t h u s  d i f f e r e n t  
s y s t e m a t i c  e r r o r s )  w i l l  e n s u r e  v a l i d a t i o n  of the  measurement as well as acceptance  by 
t h e  s c i e n t i r i c  community. Again,   the  importance of a s p e c i e s  as determined by t h e  
modeling community c a n  p r o v i d e  g u i d e l i n e s  i n  i n t e r p r e t i n g  th i s  requirement.  
Fundamental  Research Studies  
Two bas ic  technology areas were iden t i f i ed  wh ich  are l i m i t i n g  t h e  c a p a b i l i t i e s  
of c u r r e n t  NxOy measurement   echniques:   s tandards  and  cal ibrat ion  procedures ,   and 
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laser development.  There was t o t a l  agreement among t h e  p a r t i c i p a n t s  t h a t  s u i t a b l e  
technology  advances   in   these  two areas would grea t ly   enhance  N 0 measurement 
c a p a b i l i t i e s  a t  "c l ean"  t roposphe r i c  concen t r a t ion  l eve l s .  X Y  
In t h e  area of c a l i b r a t i o n  s t a n d a r d s  a n d  p r o c e d u r e s ,  i t  was n o t e d  t h a t  i n d u s t r y  
s t a n d a r d s  d e f i n i t e l y  exis t  f o r  one N 0 s p e c i e s  (NO) a n d  p o s s i b l y  f o r  a second 
s p e c i e s  (NO2 1. Even f o r  t h e s e  two spec ie s ,   s t anda rds  are a t  t h e  ppmv level ( a  f a c t o r  
of  lo4  t o  105 h ighe r  than  the  pp tv  concen t r a t ions  measu red  in  the  g loba l  t ropo-  
sphe re ) ,  and  va r ious  gas d i l u t i o n  schemes  must  be  used t o  o b t a i n  c a l i b r a t i o n  a t  
measurement  levels. Gas c y l i n d e r   s t a n d a r d s   ( c e r t i f i e d   r e f e r e n c e  material o r   s t a n d a r d  
r e f e r e n c e  material) are only avai lable  f rom the Nat ional  Bureau of  Standards (NBS) o r  
a few  commercial  gas  vendors a t  a c o n c e n t r a t i o n  of approximately 10 ppmv o r  h ighe r .  
Fo r  o the r  spec ie s  ( fo r  example ,  HN03 and PAN), accepted  s tandards  and  procedures  do 
n o t  e x i s t ,  and  each  researcher  must a t tempt   to   deve lop   those   s tandards   and   procedures  
r e q u i r e d  by h i s  measurement.   Although  each  instrument  researcher i s  genuine ly 'con-  
cerned  wi th  the  prepara t ion  of ca l ib ra t ion  s t anda rds  and  p rocedures  to  tes t  and 
e v a l u a t e  h i s  measurement  technique,  these effor ts  are l i m i t e d  a n d  w i l l  have l i t t l e  
impact on t h e   b a s i c   t e c h n o l o g y .   U n t i l   r e l i a b l e   s t a n d a r d s   a n d   c a l i b r a t i o n   p r o c e d u r e s  
a re  developed  and  agreed  upon the  sc ien t i f ic  community, t h e  f u l l  p o t e n t i a l  a n d  a p p l i -  
c a t i o n  of many c u r r e n t  N 0 measurement  echniques w i l l  not  be r e a l i z e d .   I n   a d d i -  
t i o n ,  many e x i s t i n g  t e c h n l q u e s  w i t h  known a r t i f a c t ,  b a c k g r o u n d ,  o r  i n t e r f e r e n c e  
effects  can be improved i f  lower concentrat ion s tandards were ava i l ab le  and  were 
incorporated  into  the  measurement   schemes.  It was t h e   g e n e r a l   o p i n i o n  of t h e  work- 
s h o p  p a r t i c i p a n t s  t h a t  t h e  s t a n d a r d  a n d  c a l i b r a t i o n  p r o c e d u r e  area i s  a bas i c  t ech -  
no logy   need   app l i cab le   t o   spec ie s   o the r   t han  N 0 a n d   t h u s   r e q u i r e s   b a s i c   r e s e a r c h  
s t u d i e s  . 
X Y  
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The  second  technology area, laser development, was noted by most instrument  
r e sea rche r s  u s ing  laser measurement  schemes t o  be a l i m i t i n g  f a c t o r  i n  t h e i r  i n s t r u -  
ment development. Most researchers  suggested  an  improvement  of  measurement  capabil-  
i t y  w i t h  some fundamental laser improvements  ( i .e. ,   ei ther  improved laser c a p a b i l i t y  
o r  more rugged, environmental   conditioned lasers). Requi rements   o r   needs   d i f fe red  
among t h e  p a r t i c i p a n t s ,  d e p e n d i n g  on t h e i r  measurement  schemes,  but were i n  t h e  areas 
o f  h i g h e r  r e p e t i t i o n  rates,  higher  energy,  more opt ions  on  wavelength  se lec t ion ,  
l onge r  l i f e t imes ,  and  env i ronmen ta l  ha rd iness  to  func t ion  be t te r  i n  a n  a i r c r a f t  
envi ronment .  Al though spec i f ic  needs  or  appl ica t ions  were not  d i scussed ,  a few 
s ta tements  of the  type  of  needs were iden t i f i ed .   Exce rp t s   f rom  these   s t a t emen t s  are 
l i s t e d  below. 
1. "A laser tha t  can  provide  h igher  energy  per  pu lse  a t  226 nm and a t  a h i g h e r  
r e p e t i t i o n  rate w i l l  improve  the signal i n  t h i s  t e c h n i q u e . "  
2. "Detect ion w i l l  be  improved by i n c r e a s i n g  d i o d e  laser power and by  new diode 
lasers t h a t  h a v e  i n c r e a s e d  s t a b i l i t y  a n d  r e l i a b i l i t y . "  
3 .  "To g e t  t o  t h e  W i s  qui te  t roublesome wi th  dye lasers - W laser development 
is  necessary." 
Most p a r t i c i p a n t s  u s i n g  l a s e r - b a s e d  d e t e c t i o n  s c h e m e s  l i s t e d  t e m p e r a t u r e  a n d  
a s s o c i a t e d  laser s t a b i l i t y  as a c o n c e r n  f o r  f i e l d  o p e r a t i o n s ,  p a r t i c u l a r l y  a i r c r a f t .  
Promising New Technologies 
Several  proposed new measurement techniques f o r  N,Oy were presented and more 
d e t a i l e d  d e s c r i p t i o n s  of these  methods  can  be  found i n  o t h e r  s e c t i o n s  o f  t h i s  
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document. An i n d i r e c t  method,   the  tungst ic-acid  denuder   tube NO-O3 chemiluminescent 
method, was proposed  for  measurement of HNO3. The o ther   p roposed   ins t rumenta l   t ech-  
niques were d i r e c t  measurement  methods  based  on laser spectroscopy.   Laser   spectro-  
s c o p i c  m e t h o d s  h a v e  t h e  p o t e n t i a l  f o r  h i g h  s e n s i t i v i t y  a n d  s e l e c t i v i t y  f o r  d i r e c t  
measurement oE molecules i n  complex  mixtures.   Several  laser methods f o r  trace N 0 
tropospheri-c  measurements are p r e s e n t l y  u n d e r g o i n g  l a b o r a t o r y  e v a l u a t i o n  a n d  t e s t m g .  
When t h e s e  laser methods e s t a b l i s h  t h e  r e q u i r e d  s e n s i t i v i t y ,  s e l e c t i v i t y ,  a n d  l a c k  of 
i n t e r f e r e n c e  c o m p a r a b l e  t o  c u r r e n t l y  d e v e l o p e d  i n d i r e c t  NxOy measurement  methods, 
they   can  be used   for   in te rcompar ison  tests. These laser methods  would  have a n  
advantage  for  t ropospher ic  measurements  in  that they are d i r e c t  measurement  ech- 
niques and similar laser technology i s  a l r eady  be ing  used  to  measu re  t roposphe r i c  
spec ie s   o the r   t han  N 0 such as 03, SO2, and OH. 
X . Y  
x Y’ 
S p e c i f i c  new laser methods proposed a t  t h i s  m e e t i n g  were the  laser - induced  f luo-  
rescence methods f o r  NO, N02, N03, and HN02.  These  techniques  include  s ingle-photon 
(SP-LIF),  two-photon  (TP-LIF),  and  photofragmentation (PF-LIF). Cur ren t ly   t he  SP-LIF 
t e c h n i q u e  f o r  NO is  t h e  most  developed method and  should  be  ready  for  f ie ld  
demonstrat ion i n  1983. 
Laser  ionizat ion methods,  both mult iphoton laser ion iza t ion  and  laser resonant  
i o n i z a t i o n   ( b o t h   d e t e c t i n g  NO and/or  N O 2 ) ,  are new techniques.   Al though  these laser 
i o n i z a t i o n  t e c h n i q u e s  are i n  t h e  e a r l y  s t a g e s  of development  and  have  not  yet  been 
s t u d i e d  f o r  m i x t u r e s  s i m u l a t i n g  t r o p o s p h e r i c  c o n d i t i o n s ,  t h e i r  s e n s i t i v i t y  a n d  selec- 
t i v i t y  f o r  measurements of t r a c e  N,O are a n t i c i p a t e d  t o  be b e t t e r  t h a n  t h o s e  of t h e  
i n  s i t u  L I F  methods.  Tunable-diode flR laser absorp t ion   techniques  are another  
promising new technology  which is  app l i cab le   fo r   measu r ing  HNO3, NO, and NO2.  The 
f u l l  p o t e n t i a l  of t h i s  t e c h n i q u e  i s  somewhat dependent on Euture laser developments 
and a v a i l a b i l i t y .  
N O 2  measurements  us ing  photo thermal  (photoacous t ic  phase  f luc tua t ion  opt ica l  
heterodyne)  techniques  and HN02 and H N 0 3  measurements  using  the  condensation  tech- 
nique are examples  of  refinements  to  existing  fundamental   measurement  approaches 
which are being considered and which offer  promising improvement  in  detect ion of  
t h o s e  species. 
MEASUREMENT VALIDATION 
I n t r o d u c t i o n  
I n  o rde r  t o  ce r t i fy  and  va l ida t e  measu remen t  t echn iques  fo r  trace g a s e s  i n  t h e  
a tmosphere ,   bo th   ins t rument   ca l ibra t ions   and   in te rcompar isons  are r e q u i r e d .   I n   t h e  
f i n a l  a n a l y s i s ,  t h e  c r i t e r i o n  by which the accuracy of the  measurement of a n  atmo- 
s p h e r i c  compound is  e s t a b l i s h e d  is  intercomparisons of measurements made  by i n s t r u -  
men t s   u s ing   d iEfe rea t   p r inc ip l e s  of detection.  Such  measurements  should  be  carried 
o u t  i n  t h e  f i e l d  a n d  s u b j e c t e d  t o  a wide   va r i e ty  of a tmospher ic   concent ra t ions .  A 
d e s i r a b l e  p r e r e q u i s i t e  f o r  f i e l d  i n t e r c o m p a r i s o n s  is i n s t r u m e n t  c a l i b r a t i o n s  u s i n g  
va l ida ted  procedures  and  t raceable  s tandards .  
To d a t e ,  a l i m i t e d  number of  in te rcompar isons  have  been  a t tempted  on  the  ins t ru-  
ments  used t o  measure  atmospheric N 0 compounds. These  intercomparisons  (Spicer  
e t  a l . ,  1982; Howes e t  a l . ,  1981) involved  s imultaneous  operat ion  of  two o r  more 
ins t ruments   us ing   d i f fe ren t   de tec t ion   methods .   Neasurements  were c a r r i e d  o u t  f o r  N O ,  
N02, and HN03 i n  u r b a n  e n v i r o n m e n t s  c o n t a i n i n g  r e l a t i v e l y  h i g h  l e v e l s  of t h e s e  com- 
pounds. A s  such ,   t hese   i n t e rcompar i sons   f a i l ed   t o   add res s   t he   l eve l s  of s e n s i t i v i t y ,  
s e l ec t iv i ty ,  and  accu racy  wh ich  are requ i r ed  to  measu re  N 0 compounds i n  t h e  c l e a n  
X Y  
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t roposphe re .   Fo r   t h i s   r ea son ,  a s i g n i f i c a n t  g o a l  o f  t r o p o s p h e r i c  r e s e a r c h  e f f o r t s  
should be t o  v a l i d a t e  the c r i t i ca l  measurements  of N 0 compounds through: 
X Y  
1. A well-developed i n  s i t u  c a l i b r a t i o n  scheme fo r  each  ind iv idua l  i n s t rumen t  
2. In te rcompar isons  of c a l i b r a t i o n  s t a n d a r d s  
3. An extens ive  program of  f ie ld  in te rcompar isons  car r ied  out  i n  t h e  c l e a n  
t roposphere  
C a l i b r a t i o n  
Broadly  speaking,  measurement  echniques  can be ca t egor i zed  as i n  s i t u  o r '  
remote. The c a l i b r a t i o n   a n d   v a l i d a t i o n   a p p r o a c h e s   d i s c u s s e d   i n   t h i s  document apply 
t o   i n   s i t u   t e c h n i q u e s .  Remote t echn iques   a r e  of i n t e r e s t ;  however,  based on t h e  
c u r r e n t  s t a t e  of t h e  a r t  f o r  t h e  N 0 species and  c l ean  t roposphe r i c  measurement 
r e q u i r e m e n t s ,  t h i s  i n t e r e s t  is  as a secondary means  of i n t e r c o m p a r i s o n  w i t h  i n  s i t u  
techniques .  A t  a somewhat l a t e r  s tage   and  a t  a more b a s i c  l e v e l ,  t h e  q u e s t i o n  of t h e  
limits of i n t e r c o m p a r a b i l i t y  of t h e  i n  s i t u  and  remote  measurements must a l s o  be 
addressed. 
X Y  
The c a l i b r a t i o n   a n d   v a l i d a t i o n  of remote  methods  involve  three  questions.  The 
f i r s t  conce rns  the  accu racy  wi th  wh ich  the  bas i c  spec t roscop ic  parameters are de te r -  
mined (i .e. ,  spectra, a b s o r p t i o n   c o e f f i c i e n t ,   l i n e   s h a p e ,   l i n e   b r o a d e n i n g   f a c t o r s ,  
e t c . ) .  The second  concerns how  many spectral  elements are determined,  and  thus how 
much n o i s e  r e j e c t i o n  t h e  method i s  capable  of.  The t h i r d  depends on t h e  d i s t r i b u t i o n  
of  the compound of i n t e re s t  t h rough  the  pa th  and  the  deg ree  to  wh ich  spec t r a l  i n t e r -  
f e r e n c e  parameters are known through the path.  
I n  r e g a r d  t o  i n  s i t u  t e c h n i q u e s ,  t h e  b e s t  i n s u r a n c e  f o r  c o n s i s t e n t ,  r e l i a b l e  
measurements with a f i e l d  i n s t r u m e n t  i s  provided by f r e q u e n t  i n  s i t u  c a l i b r a t i o n s .  
The ca l ib ra t ion  gas  s t anda rds  shou ld  be s t a b l e  a n d  a c c u r a t e ,  a n d  t h e  c a l i b r a t i o n s  f o r  
a n  i n  s i t u  t e c h n i q u e  s h o u l d  be made w i t h  t h e  c a l i b r a t i o n  g a s e s  s u b j e c t e d  t o  t h e  same 
gas  f low  path  through  the  instrument  as e x i s t s   i n   t h e   s a m p l e d  a i r .  Moreover, 
s t anda rd  add i t ion  and  d i lu t ion  t echn iques  shou ld  be a v a i l a b l e  t o  a l l o w  t h e  l i n e a r i t y  
of the   ins t rument ,  wall l o s s  p r o c e s s e s ,  and matrix g a s  ( i n t e r f e r e n c e )  e f f e c t s  t o  b e  
checked.  For NO and NO2, th i s   r igorous   approach  is present ly   poss ib le   and   should  be 
r equ i r ed  of the  instruments   measuring  these compounds.  The remaining NxOy compounds 
of i n t e r e s t  are n o t  s u f f i c i e n t l y  w e l l  behaved t o  a l l o w  t h i s  c a l i b r a t i o n  a p p r o a c h .  
C a l i b r a t i o n  p r o c e d u r e s  f o r  n i t r i c  a c i d  have  been  developed.  Thermally  unstable N 0 
compounds such as PAN and N205 can be formed but are d i f f i c u l t  t o  s t o r e  f o r  any X Y  
l eng th  of time. On-l ine  preparat ion  and  di lut ion  systems may be r equ i r ed .   In   t he  
case of PAN, such a system is a l ready   opera t iona l .   For  HN02,  NO3, and HN04,  which 
are q u i t e  r e a c t i v e  and unstable ,  cal ibrat ion procedures  have not  yet  been estab-  
l i s h e d .   U n t i l   t h e   c a l i b r a t i o n   p r o c e d u r e s   f o r   t h e s e   s p e c i e s  are more fu l ly   deve loped ,  
it is not  poss ib le  to  address  the  problems tha t  may be i n v o l v e d  i n  t h e  c a l i b r a t i o n  
and  va l ida t ion  of the  ins t ruments  measur ing  these  compounds. 
Accuracy 
The  assessment  of  accuracy (i.e.,  t h e  d i f f e r e n c e  i n  t h e  m e a s u r e d  v a l u e  v e r s u s  
the  "true" v a l u e )  i n  any concen t r a t ion  measurement i s  acknowledged t o  be of p i v o t a l  
impor t ance   t o   t he   success fu l   u se  of f i e l d  d a t a  i n  t r o p o s p h e r i c  i n v e s t i g a t i o n s .  The 
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d i f f i c u l t y  i n  d e f i n i n g  s u c h  a q u a n t i t y  lies in  the  p rob lem o f  de f in ing  the  " t rue"  
value.   This is  p a r t i c u l a r l y  true f o r  measurements i n   t he   g loba l   t roposphe re ,   where  
concen t r a t ions  t end  to  be very low  compared t o  c o n c e n t r a t i o n s  of r e l i a b l e  g a s  
s tandards .  The approach  used by most i n v e s t i g a t o r s  i s  t h a t  of d e f i n i n g  a c c u r a c y  i n  
terms o€ a "bes t  estimate" of  the  overa l l  magni tude  of t h e  s y s t e m a t i c  e r r o r s  i n  a 
g iven   technique .   This ,   in  many cases, is repor ted  as a f u n c t i o n  of d i f f e r e n t  atmo- 
spher ic   envi ronmenta l   condi t ions .   These   "bes t  estimate" va lues  must  be  used  with 
caut ion.  
The p re fe r r ed  approach  in  de f in ing  in s t rumen t  accu racy  invo lves  the  eva lua t ion  
of a q u a n t i t y  which we may def ine  as the   "empir ica l  true value." The "empi r i ca l   t rue  
v a l u e , "  f o r  a g iven  set of a tmospher ic  condi t ions ,  may be de f ined  as the  mean va lue  
of t he  concen t r a t ion  as measured by seve ra l  d i f f e ren t  i n s t rumen t  types  where  each  
ins t rument   type  is l i k e l y  t o  h a v e  a d i f f e r e n t  i n h e r e n t  set of s y s t e m a t i c  e r r o r s .  The 
conf idence  l eve l  i n  th i s  "empi r i ca l  true value" is thus  dependent on the number of 
independent  techniques  used  in  the  assessment  and  the  s tandard  devia t ion  in  the  mean 
value of a l l  concen t r a t ion   measu remen t s .   Fu r the r   i t e r a t ions  of t h i s   i n t e rcompar i son  
process  can  u l t imate ly  resul t  i n  t h e  i d e n t i f i c a t i o n  a n d  c o r r e c t i o n  of many of t h e  
sys t ema t i c   e r ro r s   i n   d i f f e ren t   i n s t rumen t   t ypes .  I n  t h i s  manner,  an  improved 
"empirical t rue   va lue"   having  a smaller s t anda rd   dev ia t ion   shou ld  emerge.  Such con- 
vergence  to  a f ina l  "empir ica l  t rue  va lue"  has  been  a r a r i t y  i n  t h e  a t m o s p h e r i c  
community. This  appears t o  be t h e  r e s u l t  of both a l ack  of an  adequate number  of 
different   measuring  techniques  and  the  absence of o rgan ized  eEfo r t s  t o  ca r ry  ou t  
long- te rm f ie ld  in te rcompar isons .  
P r e c i s i o n  
The g e n e r a l  d e f i n i t i o n  of p r e c i s i o n  is  t h a t  i t  is  a q u a n t i t y  t h a t  e x p r e s s e s  t h e  
a b i l i t y  of a given instrument  to  reproduce i t s  own re su l t s  unde r  cond i t ions  of 
cons t an t   concen t r a t ion  and  constant  environment.  Thus i t  r e f l e c t s   t h e  random e r r o r s  
i n h e r e n t  i n  t h e  measurement  echnique. 
The p r e c i s i o n  of an  instrument  measurement is  most f r e q u e n t l y  r e f e r e n c e d  t o  
l abora to ry   cond i t ions   ( i . e . ,   cons t an t   env i ronmen t )   and   t yp ica l ly  i s  s p e c i f i e d  a t  t h e  
limit of d e t e c t i o n  as w e l l  as a t  some e leva ted  concent ra t ion  where  the  sys tem is  not 
s igna l   l imi t ed .   Thus ,   i f  one de f ines   t he  limit of d e t e c t i o n  of a spec ie s  as t h a t  
c o n c e n t r a t i o n  l e v e l  a t  which the  s igna l - to -no i se  r a t io  i s  2 ,  then  by d e f i n i t i o n  t h e  
p r e c i s i o n  i s  given as f50  percent .   Normally  precis ion is more meaningfu l   i f   def ined  
a t  a concen t r a t ion  somewhat h igher   than   the  limit of d e t e c t i o n  of the  technique.   For  
the  assessment  tab les  presented  ear l ier ,  t h e  a u t h o r s  s p e c i f i e d  t h e  p r e c i s i o n  f o r  e a c h  
technique  a t  a concen t r a t ion  100 times t h e  d e t e c t i o n  l i m i t .  
It may be a rgued  tha t  t he  p rec i s ion  g iven  fo r  a l a b o r a t o r y  s e t t i n g  may no t  
r e f l e c t  t h e  p r e c i s i o n  t h a t  m i g h t  be obtained under  harsh environmental  condi t ions.  
I n  a real-world sampling environment ,  the evaluat ion of t h e  " f i e l d  p r e c i s i o n "  f o r  a 
g i v e n  i n s t r u m e n t  r e q u i r e s  t h a t  t h e  f l u c t u a t i o n  i n  t h e  c o n c e n t r a t i o n  i n  time be small 
when compared t o  t h e  p r e c i s i o n  e s t i m a t e d  f o r  t h e  t e c h n i q u e  u n d e r  c o n t r o l l e d  l a b o r a -  
t o ry   cond i t ions .  I n  determining a " f i e l d   p r e c i s i o n , "  i t  i s  impor t an t   t o   cons ide r  
properly the var ious sources  and s inks of t he  species i n  q u e s t i o n  i n  o r d e r  t o  ensu re  
t h a t  what is measured i s  f i e l d  p r e c i s i o n  r a t h e r  t h a n  a t m o s p h e r i c  v a r i a b i l i t y .  
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C a l i b r a t i o n  S t a n d a r d s  f o r  NO, NO2, and HNo3 
The p r e s e n t l y  a c c e p t e d  c a l i b r a t i o n  s t a n d a r d  f o r  NO i s  a s t a n d a r d  gas mixture  
c o n t a i n i n g  up t o  1 ppmv of NO i n  N2. These  s tandards  are prepared by s ta t ic  d i l u t i o n  
and   should   be   t raceable   to  NBS re fe rence   s t anda rds .   Gene ra l ly ,   s t anda rds  are avail- 
a b l e  d i r e c t l y  f r o m  NBS o r  commercial gas  vendors . I n  e a c h  case, t h e  SRM ( s t a n d a r d  
r e f e r e n c e  material) is t r a c e a b l e  t o  NBS i n  b o t h  c o n c e n t r a t i o n  a n d  s t a b i l i t y  
( l i f e t ime) .   Pe rmea t ion   t ubes   p rov ide  a r e l i a b l e   s t a n d a r d   f o r  NO2. The emission 
rates of the  permeat ion  tubes are de termined   grav imet r ica l ly .  NO2 permeat ion   tubes  
are a l s o  a v a i l a b l e  c o m m e r c i a l l y  f o r  a wide  range  of  emission rates,  temperature  
ranges,   and  gas  f low rates. I n  a d d i t i o n ,  g a s  p h a s e  t i t r a t i o n  (NO + O3 + NO2) can  be 
used   to   in te rcompare  NO and NO2 s t a n d a r d s .  P e r m e a t i o n  a n d  c a p i l l a r y  d i f f u s i o n  t u b e s  
are a l s o  a v a i l a b l e  f o r  HN03. Because of the  decomposi t ion of n i t r i c  a c i d  e m i t t e d  
f rom these  tubes ,  t he  rate of  emission  of HN03 has  an  uncer ta in ty  of  approximate ly  
20 percent .  The remaining N 0 compounds are u n s t a b l e ,   a n d   p r e s e n t l y  no c a l i b r a t i o n  
s t a n d a r d s  a r e  a v a i l a b l e .  X Y  
Intercomparison 
Ca l ib ra t ion  S tanda rds  
The f i r s t  l e v e l  of instrument  intercomparison involves  the informal  exchange of 
a l i q u o t s  of ca l ib ra t ion   s t anda rds   u sed  by the   va r ious   t echn iques .  A t  t h e  same time, 
though a t  a somewhat  more formal  leve l ,  the  lead  agency  sponsor ing  an  in te rcompar ison  
should provide a series of a l i q u o t s  of an unknown c o n c e n t r a t i o n  a t  levels  comparable  
to   t he   ca l ib ra t ion   s t anda rd .   These   doub le -b l ind   i n t e rcompar i sons  w i l l  be   used   to  
e s t a b l i s h  t h e  p r e c i s i o n  and  accuracy of i n s t r u m e n t   c a l i b r a t i o n s .  The v i r t u e  of a n  
exchange  of   a l iquots  mixed to  l a rge  concen t r a t ions  (1  ppmv) of NO i s  tha t  r easonab ly  
small q u a n t i t i e s  of gas are involved a t  l e v e l s  known t o  be s t a b l e .  A t  l ower   l eve l s  
(<<1 ppmv NO) t h e   q u e s t i o n  of sample s t a b i l i t y  becomes a fac tor .   These   lower- leve l  
concentrat ions can be generated by dynamic d i l u t i o n  of t h e  s u p p l i e d  r e f e r e n c e  
s tandards .  The exchange   of   s tab le   a l iquots  of NO2 a t  1-ppmv c o n c e n t r a t i o n  l e v e l s  are 
n o t  y e t  p o s s i b l e .  F u r t h e r  work on t h e  c e r t i f i c a t i o n  of t h e  s t a b i l i t y  of NO2 i n  con- 
t a i n e r s   ( a n d  NO a t  smaller concentrations)  should  be  undertaken.  Exchange  of permea- 
t i o n  s o u r c e s  f o r  NO2 and HN03, inc luding  a thermostated permeat ion tube along with 
carr ier  gas ,  should  be i n v e s t i g a t e d  as a means o f  a l lowing  th i s  p r imary  l eve l  o f  
intercomparison of instruments measuring NO2 and HN03. 
Fie ld  In te rcompar ison  
A f u l l  f i e l d  i n t e r c o m p a r i s o n  of measuring techniques i s  needed t o  p r o v i d e  
v a l i d a t i o n  of measurement   capabi l i ty   for  a given N 0 s p e c i e s .  The intercomparisons 
w i l l  be  most  meaningful when t h e y  i n c l u d e  t e c h n i q u e s  u t i l i z i n g  d i f f e r e n t  d e t e c t i o n  
pr inc ip les .   These   ins t ruments  w i l l  p r e sumab ly   have   d i f f e ren t   r e sponses   t o   i n t e r f e r -  
ences   and   a r t i f ac t -p roduc ing   agen t s .  The a b i l i t y  of t h e s e   i n s t r u m e n t s   t o   o b t a i n  
agreeable  measurements  over  wide  ranges of c o n c e n t r a t i o n s ,  i n c l u d i n g  t h o s e  t y p i c a l  o f  
t he   c l ean   t roposphe re ,  w i l l  c o n s t i t u t e  c e r t i f i c a t i o n .  I n  a d d i t i o n  t o  t h e  i n  s i t u  
techniques ,  a remote  measurement, i f  a v a i l a b l e ,  would  be d e s i r a b l e  t o  p r o v i d e  
secondary  va l ida t ion  and  a b a s i s  on which t o  g e n e r a l i z e  t h e  m e a s u r e d  c o n c e n t r a t i o n s  
obta ined  by t h e   i n   s i t u   t e c h n i q u e s .   I n   s i t u   t e c h n i q u e s   e x p o s e   s a m p l e s   t o   i n s t r u m e n t  
walls, whereas  remote  techniques do no t .   I n   add i t ion ,   r emote   s enso r s   ( fo r   example ,  
long-path absorpt ion techniques)  can be c a l i b r a t e d  a t  r e l a t i v e l y  h i g h  c o n c e n t r a t i o n s  
us ing   gas  c e l l  cal ibrat ion  approaches.   Such  comparisons  then  could  expose  systematic  
e r r o r s  i n t r o d u c e d  by i n  s i t u  t e c h n i q u e s .  
X Y  
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The intercomparison protocol  should be set down in a w r i t t e n  document s t a t i n g  
the  procedures  to  be  fo l lowed in  the  in te rcompar ison  and  the basis f o r  comparison. 
T h i s  document s h o u l d  s p e c i f y  t h e  s a m p l i n g  i n l e t s  t o  be used (common or  i n d i v i d u a l ,  
material s i ze ,  f l ow rate, etc.) a n d  t h e  l o g i s t i c s  of t h e  s a m p l i n g  f a c i l i t y  a n d  
anc i l l a ry  env i ronmen ta l  and  me teo ro log ica l  da t a  to  be  supp l i ed .  The raw data   f rom 
each  measurement  should  be  supplied t o  t h e  s p o n s o r  of t h e  i n t e r c o m p a r i s o n  i n  a 
s p e c i E i e d  f o r m a t ,  a l o n g  w i t h  s u f f i c i e n t  i n E o r m a t i o n  t o  p r o c e s s  t h e  d a t a .  A t  the 
conclus ion  of the intercomparison,  the sponsoring agency should provide a mathemat- 
i c a l  c r i t i q u e  of t h e  l e v e l  of agreement achieved by the  in te rcompar ison .  
The sponsoring agency should consider  providing a l l  c a l i b r a t i o n  s t a n d a r d s  t o  
ensu re  un i fo rmi ty  and  shou ld  a l so  p rov ide  a dynamic  di lut ion  system.  This   system 
w i l l  provide gas  samples  to  test sampl ing  l i nea r i ty  and  r e sponse  in  each  in s t rumen t .  
It is  recommended t h a t  t h e  p r i n c i p a l  i n v e s t i g a t o r s  i n v o l v e d  p r o c e s s  t h e  raw d a t a  
immediately. The a b i l i t y  t o  e s t a b l i s h  d i s a g r e e m e n t s  q u i c k l y  w i l l  p rovide   the  most 
f a v o r a b l e  s i t u a t i o n  t o  f i . n d  a n d  remedy any discrepancies .  
In add i t ion  to  s t anda rd  loca l  me teo ro log ica l  and  env i ronmen ta l  da t a ,  add i t iona l  
me teo ro log ica l   i n fo rma t ion   shou ld   a l so  be made ava i l ab le .   Th i s   i nc ludes   da t a   f rom 
wea the r  ba l loons  to  e s t ab l i sh  t empera tu re ,  dew p o i n t ,  wind  speed  and  direction a t  
a l t i t udes  above  the  in t e rcompar i son  loca t ion ,  and  a i r  t r a j e c t o r y  p r o f i l e s  i n d i c a t i n g  
t h e   o r i g i n   a n d   h i s t o r y  of t h e  a i r  masses t h a t  are sampled .   These   addi t iona l   da ta  
w i l l  be u s e f u l  in unders tanding   the   sources  of t h e  d e t e c t e d  N 0 as well as t h e  
intercomparison oE remote  and i n  s i t u  measurements. X Y  
Cr i te r ia  of Success 
The  success  of  the  intercomparison  should be e s t a b l i s h e d  a t  t h r e e  l e v e l s .  
F i r s t ,  i f  i n  t h e  o p i n i o n  o f  t h e  p r i n c i p a l  i n v e s t i g a t o r s  t h e i r  t e c h n i q u e s  were 
p rope r ly  €unc t ion ing  ( i . e . ,  ab l e  to  de t ec t  ca l ib ra t ion  s t anda rds  wi th  nomina l  s igna l -  
to -noise   l eve ls )   dur ing   the   per iod  of the   in te rcompar ison ,   then   the   in te rcompar ison  
w i l l  be considered  successful   independent  of t h e   a g r e e m e n t   i n   t h e   r e s u l t s .  The 
primary  goal of t h e   i n i t i a l   i n t e r c o m p a r i s o n  w i l l  have  been  accomplished. On t h e  
second  l eve l ,  i f  t he  ag reemen t  among ins t ruments  is  adequate   to   sugges t   tha t   measure-  
ments  can be made w i t h i n  a range of u n c e r t a i n t y  s u f f i c i e n t l y  small t o  a n s x e r  
important   quest ions o f  a tmospher ic  chemis t ry ,  the  ins t ruments  w i l l  be considered 
f i e l d   o p e r a t i o n a l .   F i n a l l y ,   t h e   i n s t r u m e n t  w i l l  be cons ide red   t o  be f u l l y   v a l i d a t e d  
i f  t he  concen t r a t ions  measu red  by the  in s t rumen t s  l i e  w i t h i n  t h e  bounds  es tab l i shed  
by t h e i r  e s t i m a t e d  u n c e r t a i n t y  as determined by the  p r inc ipa l  i nves t iga to r  and  based  
on the basic phys ica l  and  chemical p rocess  tha t  de f ines  the  in s t rumen t  ope ra t ion .  
RECOMMENDATIONS 
Based on workshop discussions and the material p r e s e n t e d  i n  t h i s  document, 
recommendations are p r e s e n t e d  i n  f o u r  areas: 
1. Current  instrument  technology  advances 
2. Future   instrument   needs 
3. Promising new technology 
4 .  Measurement v a l i d a t i o n  
49 
Each recommendation is p resen ted  as a work area t h a t ,  i f  p u r s u e d ,  would improve 
measurement c a p a b i l i t i e s  f o r  NxOy spec ie s  a t  "clean"  global   concentrat ions.   Each 
recommendation  has  been  discussed earlier and i s  the re€ore  on ly  summarized  here. It 
was the  dec i s ion  of t h e  N 0 workshop p a r t i c i p a n t s  n o t  t o  p l a c e  a p r i o r i t y  on t h e  
r ecommenda t ions  r e l a t ive  to  the i r  po ten t i a l  fo r  improv ing  measurement c a p a b i l i t i e s .  X Y  
Current Instrumentation Technology Advances 
A s  s t a t e d  earlier, f i e l d  t e c h n i q u e s  are o r  i n  t h e  n e a r  f u t u r e  w i l l  be a v a i l a b l e  
f o r  measurement of NO, NO2,  HN03, and NO3 a e r o s o l s  a t  t roposphe r i c   l eve l s .  Tech- 
n i q u e s  f o r  N O 3 ,   H N 0 2 ,  and PAN show p o t e n t i a l  b u t  a p p e a r  t o  l a c k  t h e  n e c e s s a r y  
p r o g r a m m a t i c  a n d  s c i e n t i f i c  i n t e r e s t  t o  c o n c l u d e  t h a t  t h e s e  t e c h n i q u e s  w i l l  be a v a i l -  
ab le .   In   any   case ,   assoc ia ted   wi th   each   technique  are u n c e r t a i n t i e s ,   l i m i t a t i o n s ,   o r  
known improvements  which  requi re  addi t iona l  s tudy  or  implementa t ion  i f  the  fu l l  
p o t e n t i a l  of t he   t echn ique  is t o  be r e a l i z e d .   I n  most ca ses   e i the r   ha rdware   r edes ign  
o r  subcomponent  development is  the  required  technology  advance.  These  technology 
advances  and  recommendations are summarized by technique. 
- 
1. NO/03  Chemiluminescence (NO, N 0 2 ,  mO3): 
(a) Redesign of photon col lect ion and detect ion systems 
(b)   Intercomparison among p h o t o l y t i c ,  p y r o l y t l c ,  c a t a l y t i c ,  and  denuder-tube 
convers ion  techniques  for  spec ies  o ther  than  NO 
2. Single-Photon  Laser-Induced  Fluorescence ( N O ) :  Development of an  improved 
laser a t  226 nm; h igher  energy  per  pu lse  and  h igher  repe t i t ion  rates 
(b)  Improved r e f  r i g e r a t i o n  t e c h n i q u e s  s u i t a b l e  f o r  f i e l d  u s e  
(c)  Redesign of op t ica l  sys tems 
4 .  Long-Path  Absorption (NO, N 0 2 ,   H N O 2 ,   N O 3 ) :  
( a )  Development of h i g h e r   i n t e n s i t y   l i g h t   s o u r c e s  ~ 
(b)  Development of l a r g e r  c o l l e c t i o n  o p t i c s  
5. F i l t e r  (NO3 a e r o s o l ,  H N 0 3 ) :  Improvement i n   a n a l y s i s   s e n s i t i v i t i e s  of i o n  
- 
chromatography 
6 .  Condensation ( H N 0 2 ,  HN03) : 
( a )  Improvement i n  a n a l y s i s  s e n s i t i v i t i e s  of ion  chromatography 
(b)  Development of a flow-through  sample  configuration 
7. Gas Chromatography (PAN): 
(a) Redesign of sys t em fo r  rugged  f i e ld  use  
( b )  Improvements i n  c a l i b r a t i o n  p r o c e d u r e s  a n d  s t a n d a r d  p r e p a r a t i o n  
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. - 5%. :a 
Future  Instrument  Needs 
It was a consensus that  measurement t e c h n i q u e s  f o r  N205 and HNO4 are n o n e x i s t e n t  
f o r  u s e  o n b o a r d  a n  a i r c r a f t .  Assuming tha t  the  a tmospher ic  model ing  community  iden- 
t i f i e s  t h e s e  as impor t an t  spec ie s ,  t hen  in s t rumen t  concep t s  need  to  be  deve loped .  
It was n o t e d  t h a t  f o r  some spec ies  ( for  example ,  NOg, HN02, and PAN) only  a f e w  
concepts  are being  developed. Most of these   t echniques  are i n d i r e c t  methods  of 
measurement  and h is tor ica l ly   have   s izeable   sys temic   e r rors .   Development  of addi- 
t i o n a l  t e c h n i q u e s  f o r  t h e s e  s p e c i e s ,  b a s e d  on d i f fe ren t   concepts   (d i rec t   measurement  
where  poss ib le )  w i l l  provide more c r e d i b i l i t y  a n d  h e l p  e n s u r e  a c c e p t a n c e  by t h e  
s c i e n t i f i c  community. 
Two areas of  fundamental   research are recommended. Both are areas which, i n  t h e  
opinion  of  the N 0 workshop p a r t i c i p a n t s ,  are l i m i t i n g  t h e  p o t e n t i a l  of many tech- 
niques  for   measurement  of N 0 s p e c i e s .   I n   a d d i t i o n ,   b o t h  areas were judged   to   be  
e q u a l l y   i m p o r t a n t   i n   t r o p o s p h e r i c  air qua l i ty   measurements   in   genera l .  The f i r s t  
area i s  ca l ibra t ion  S tandards  and  procedures .  Wi th  the  except ion  of NO and NO2, 
accepted   ca l ibra t ion   s tandards   and   procedures   for   o ther  N 0 s p e c i e s  are nonexis ten t .  
Even €or NO and NO2, the  accepted  procedures  are f o r  c a l i b r a t i o n  a t  pprnv l e v e l s ,  
whereas f i e l d  measurements are being  a t tempted a t  pptv  and ppbv l e v e l s .  It is  recom- 
mended tha t  fundamenta l  research  be i n i t i a t e d  t o  a t t e m p t  t o  e x t e n d  c a l i b r a t i o n  a n d  
s t a n d a r d s  p r e p a r a t i o n  t o  t h e  ppbv  and  pptv  levels. 
X Y  
X Y  
X Y  
The  second area o€ €undamental   research i s  laser development. Most p a r t i c i p a n t s  
agreed  that   fundamental   improvements  in lasers would  improve  the  measurement  capabil- 
i t i e s  of the  laser-based  detect ion  systems.  Laser improvements   desired  included 
higher  energy lasers w i t h  h i g h e r  r e p e t i t i o n  rates,  more o p t i o n s  i n  a v a i l a b l e  wave- 
l eng ths ,  l onge r  liEetimes, and more rugged  design €or use  on a i r c r a f t  p l a t f o r m s .  
Promising New Technologies 
S e v e r a l  new technologies  were i d e n t i E i e d  as exh ib i t i ng  po ten t i a l  €o r  measu remen t  
of t he   va r ious  N 0 spec ies   (Tables  V t o  X I ,  s t a t u s  1 o r  2 ) .  It is  recommended t h a t  
the  development of t hese  new technologies  be con t inued  where  poss ib l e ,  e spec ia l ly  fo r  
those  spec ies  €or  which  only  a few  measurement  concepts  or  indirect  measurement 
concep t s   ex i s t .   P romis ing  laser t echn iques   i nc lude   l a se r - induced   f l uo rescence  
( s ingle   photon ,  two photon,   and  photofragmentat ion) ,   mult iphoton  ionizat ion,   and 
resonant   ion iza t ion   spec t roscopy.   These   t echniques  show p o t e n t i a l   f o r   h i g h -  
s e n s i t i v i t y  and €ast-response measurements  and also provide the specif ic i ty  of  a 
d i r ec t   and   spec t roscop ic   t echn ique .   O the r   t echn iques   t ha t  show promise   inc lude   the  
tungs t ic -ac id ,   condensa t ion ,   and   photo thermal   (photoacous t ic   phase   f luc tua t ion  
opt ica l   he te rodyne)   t echniques .   These   th ree   t echniques ,   a l though  no t  new, have  not 
been  developed t o  t h e i r  f u l l  p o t e n t i a l .  
X Y  
Xeasurement Validation 
The recommendation i n  t h i s  area is t h a t  more e f fo r t  shou ld  be  focused  on  
measurement  val idat ion and intercomparison among techniques measuring the same 
s p e c i e s .  In t h e   f i n a l   a n a l y s i s ,  the c r i t e r i o n  by which  the  accuracy of the  measure- 
ment  of an  a tmosphe r i c  spec ie s  is e s t a b l i s h e d  i s  intercomparison of measurements made 
by i n s t r u m e n t s   u s i n g   d i f f e r e n t   p r i n c i p l e s  of detection.  Such  measurements are 
carried o u t  in t h e  f i e l d  a n d  are s u b j e c t e d  t o  a wide  va r i e ty  of a tmospheric  
c o n c e n t r a t i o n s .   P r e r e q u i s i t e s   f o r   f i e l d   i n t e r c o m p a r i s o n s  are i n s t r u m e n t   c a l i b r a t i o n s  
us ing  va l ida t ed  p rocedures  and  t r aceab le  s t anda rds .  
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